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Brace for impacts 


The latest instalment of the Fifth Assessment Report from the Intergovernmental Panel on Climate 
Change lays out the state of the world — and the challenges ahead. 


hen the Intergovernmental Panel on Climate Change 
W sxc released its previous report in 2007, some scien- 

tists and many environmentalists were still loath to talk 
about adapting to climate change. The policy focus was squarely on 
reducing greenhouse-gas emissions, and even talking about adapta- 
tion was often seen as defeatist. Thankfully, that sentiment has faded, 
and, although reducing emissions remains a paramount issue, climate- 
adaptation efforts are now under way in the private and public sectors 
in many countries. But as the latest instalment of the IPCC’s Fifth 
Assessment Report — covering climate impacts, adaptation and vul- 
nerability — makes all too clear, humanity has a long way to go in 
preparing for the effects that are already inevitable owing to our his- 
tory, let alone for a future in which emissions continue to rise. 

The report documents a range of potential impacts, from reduced 
agricultural yields to increased water shortages and often-unpredictable 
stresses on ecosystems around the globe. None of these comes as a sur- 
prise, and citizens and policy-makers would be wise to act sooner rather 
than later. There is no going back, regardless of the policies that might be 
enacted at the next United Nations climate summit in Paris in 2015, or at 
the meetings that follow. In that sense, this is not just a report about cli- 
mate impacts. It is acomprehensive assessment of the state of the world 
in which we live and the direction in which it is inevitably headed. The 
alternatives to rapid, coordinated adaptation will be even more costly. 

The latest assessment makes broad statements about the probable 
impacts of a warming climate on agriculture, but significant uncer- 
tainties remain at regional and global scales. Most model projections 
indicate reduced yields for major food crops such as rice, wheat and 
maize (corn) in many regions, but more than 25% of projections indi- 
cate that yields could rise by mid-century and beyond. Time does not 
stop in 2050, and the IPCC assigns a high confidence level to its state- 
ment that longer-term temperature increases in excess of 4°C above 
late-twentieth-century levels, when combined with increasing demand, 
would pose significant risks to food security at regional and global scales. 

Scientists have their work cut out. They must continue to collect data 
about the ever-changing world while seeking to understand how diverse 
landscapes — both wild and tamed — will respond to global warming. 
And they must drill down to the regional level to help governments and 
people to make good decisions. The IPCC should consider working 
with local experts and bodies on detailed assessments that could then be 
vetted by the agency itself — a process that would engage more people 
and counter the impression of paternalism that sometimes shades the 
IPCC’s work, dominated as it is by Western scientists. 

In addition to filling in the knowledge gaps, scientists and the IPCC 
must also work to communicate clearly what is not known, be it the 
cause of extreme weather or the relative benefits of the suite of policy 
options facing governments. The current report, to the IPCC’s credit, 
casts doubt on the models that are used to estimate economic impacts, 
suggesting that they are based on “disputable” assumptions. Such 


projections are important when it comes to deciding who should pay 
which bills and when; researchers and economists must tackle these 
questions and more reliably determine the extent to which climate 
change will diminish wealth and economic growth in the long term. 
There is no single approach to adap- 


“Policy-makers tation, and strategies range from basic 


would be wise economic diversification to improvements 
to act sooner in irrigation and fertilizer use. Certain 
rather than regions might pursue flood protections, 
later.” early-warning systems and insurance pro- 


grammes, whereas others might focus on 
maintenance and restoration of coastal vegetation. In the poorest 
countries, international financial support will be necessary. But to 
make it all come together, scientists and policy-makers urgently need 
to invest extra resources to improve environmental observations and 
to determine what actions make the most sense. m 


Natural decline 


Few biology degrees still feature natural 
history. Is the naturalist a species in crisis? 


hat has become of the naturalists of yesteryear — the vicar 
Wir the magnifying glass and pressed flower collection, or 

the gentleman scientist with butterfly nets and a shotgun? 
Those dedicated observers of the natural world in all its complexity 
are still among us. But they are harder to pick out now; they are men 
and women, students and citizens. And they clutch not sample jars 
but smartphones. 

In an article published late last month (J. J. Tewksbury et al. 
BioScience http://doi.org/r5g; 2014), Joshua Tewksbury, a nat- 
uralist at the University of Washington, Seattle, and 16 col- 
leagues issue a call to arms. They chronicle the dismaying 
diminution of support for natural history — that branch of sci- 
ence that encompasses the careful observation and description of 
organisms and their relations to their environments. Like all good 
scientists, they offer the data to support their assertion. 

In the United States of 1950, an undergraduate degree in biology 
generally required two or more courses in natural history. Today, the 
average number of required natural-history courses for the same degree 
is zero. The amount of natural-history content in biology textbooks has 
dropped by 40% over the past six decades. PhDs granted in natural- 
history-related fields are becoming ever rarer. Biological collections are 
on the wane as well. The number of herbaria — research collections 
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of plant specimens — in Europe and North America peaked in 1990. 

Research in the life sciences is not created or destroyed: it simply 
shifts from one form to another. As natural history has been de- 
emphasized, molecular biology, genetics, experimental biology and 
ecological modelling have flourished. But here is the problem: many 
of those fields ultimately rely on data and specimens from natural his- 
tory. Natural-history observations help to fight infectious diseases that 
cycle through different species, to identify promising leads for drug 
discovery, to manage fisheries and forests and other natural resources 
and to conserve species and ecosystems. 

As Tewksbury and his colleagues write: “Direct knowledge of organ- 
isms — what they are, where they live, what they eat, why they behave 
the way they do, how they die — remains vital to science and society.” 
The best algorithms in the world will fail to guide our action accurately 
if they are not based on a firm understanding of what is out there and 
what it’s up to. 

Revitalizing natural history will require tweaking the research 
incentives of grants and academic tenure. The BioScience article is 
right to call for natural historians to go out and stress the enduring 
importance of their craft to universities, funding agencies, founda- 
tions and the public. No biology student should get a diploma without 
at least a single course in identifying organisms and learning basic 
techniques for observing and recording data about them. Top journals 
should publish excellent natural history; the revived ‘Natural History 
Miscellany’ section in American Naturalist is a good first step. 

Natural history itself can adapt to help. It should continue to expand 
beyond the elite, lone naturalist. New digital tools, including mobile 


versions of field guides (such as the Leafsnap app, which can iden- 
tify tree species from photographs, and the Chirp! app, which helps 
users to recognize bird songs), are lowering the bar for entry for 
those without training. And digital data repositories — suchas eBird, 
created by the Cornell Lab of Ornithology in 


“No biology Ithaca, New York, and the New York-based 
student should National Audubon Society — mean that 
get adiploma today’s naturalists can share and compare 
without at least their observations. These tools can be used 
asingle course by the general public to build big data sets, 
in identifying which can feed into experiments or models. 


organisms.” As scientists from Yale University point out 
in a Comment piece on page 33, such data 
sets are also crucial for other purposes: to hold to account the official 
government figures that, for one reason or another, do not accurately 
reflect the situation on the ground, in the air or in the seas. 

Natural history has never been just about the science. It is a craft and 
a passion with its own immediate aesthetic and visceral pleasures, the 
epitome of a positive relationship with nature. The smartphone, as the 
most ubiquitous representative of an increasingly digital culture, has 
often been held up as the pernicious opposite of a direct relationship 
with the natural world. But technology can be used as a tool to draw 
us closer to nature as well as a screen to block our view. 

The dedicated observers are still there. They tramp through the 
woods on cold winter nights, their breath visible in the moonlight. 
They play the calls of the great horned owl on their smartphones. And 
the great horned owls call back. m 


Brain waves 


Above the ‘big neuroscience’ commotion, 
literature plays its part. 


came running out of the Neanderthal valley with a big grey 

wolf at his heels,’ wrote novelist Vladimir Nabokov. Instead, 
he argued, it was born “on the day when a boy came crying ‘wolf, wolf’ 
and there was no wolf behind him’. 

The French consciousness-research pioneer Stanislav Dehaene uses 
this quote in his new book, Consciousness and the Brain, in which he 
describes his ‘global neuronal workspace’ theory, elaborated together 
with Jean-Pierre Changeux through modelling a 20-year series of dar- 
ing experiments probing conscious and unconscious perception in 
humans. Only since brain imaging and other tools have allowed us to 
view the human brain at work has it become ‘respectable’ to try to pin 
down consciousness, and to debate how the human mind has allowed 
the development of intellectual pursuits as sophisticated as literature. 

The Dehaene-Changeux theory holds that awareness moves from 
subconscious to conscious only when we pay attention to specific sets 
of information in our brains: images, memory, emotional state. These 
briefly come together in a limited-capacity workspace, ready to broad- 
cast to all brain regions through axons. This theoretical workspace is 
where consciousness emerges; where, for example, a storyteller may 
invent a fictitious scene of deceit, such as the boy who cried wolf. 

Dehaene quotes Nabokov often in his books, with good reason. 
The poetic, multilingual novelist and entomologist often pondered 
eloquently on the state of being conscious. Understanding conscious- 
ness and the mind may take a century, but it stands as an irresistible 
beacon. Other goals, such as understanding, fixing or ameliorating 
neurodegenerative or psychiatric diseases, may be ‘only’ decades away. 

Many regret, but few doubt, that the long haul towards these goals 
requires a cultural shift in neuroscience research, from small to big 


CC Le was not born the day when a boy crying ‘wolf, wolf’ 
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science. Indeed, “big neuroscience’ has already begun. Last year, 
Europe formally launched its highly ambitious Human Brain Project 
(HBP), which aims to simulate the human brain in a supercomputer. 
It already has 32 partners across 13 countries. And the Brain Research 
through Advancing Innovative Neurotechnologies (BRAIN) Initiative, 
announced by US President Barack Obama on 2 April last year, will 
soon begin distributing money. 

The privately funded Allen Institute for Brain Science in Seattle, 
Washington, has been doing big neuroscience for more than a decade, 
producing systematic anatomical and brain maps, mostly in the mouse, 
and is now starting to map functions of the component neurons. All 
of its maps are publicly available. It is a happy coincidence that Nature 
has published two brain-mapping papers from Allen scientists on the 
anniversary of Obama's announcement (see http://dx.doi.org/10.1038/ 
nature13185; http://dx.doi.org/10.1038/nature13186; 2014). One of the 
maps is the first gene-expression atlas of the entire developing human 
brain. The other is a mouse ‘connectome’ — the first brain-wide neu- 
ronal-connectivity map for a mammalian species — that will guide the 
initial modelling of the HBP, which is beginning with the mouse brain. 

But the path to generating and modelling the data needed to crack the 
codes of the brain will not be smooth. Already, the HBP has annoyed 
researchers by not funding the generation of data in non-human pri- 
mates in its first phase, perhaps fearing a political backlash. But monkey 
data will be needed as a bridge between the mouse and human brain. 

As big neuroscience advances, the Dehaene-Changeux theory may 
be proved wrong. So, too, may the more abstractly mathematical ‘inte- 
grated information theory’ of consciousness preferred by the Allen 
Institute's chief scientific officer Christof Koch. That is the process 
of science. Koch complains in his review of Dehaene’s new book in 
Science that the workspace theory limits itself too much to the waves 
of electrical activity in the brain that experiments pick up, and fails 
to explain the ‘why’ of consciousness (see http://doi.org/15q; 2014). 
Koch counter-quotes Nabokov: “The breaking 
of a wave cannot explain the whole sea.” 

As big-brain programmes navigate their 
thorny early years, it is good to be so neatly 
reminded of their ultimate goal. = 
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state to emerge from ethnic division and geopolitical games- 

manship. Political action and human bloodshed may subside 
after the dust has settled, but many constituents will lack representa- 
tion. Those are the millions of non-human species that occupy the 
fragmenting territories. Who speaks for them, and what protections 
do they have at existing borders or when borders change? 

Put simply, new, unstable countries do not protect biodiversity and 
habitat as well as nations that have strong governance structures. Only 
laws and statutes protect biodiversity, and these differ on either side 
of nearly every border. 

Ukraine has been part of the Pan-European Biological and Land- 
scape Diversity Strategy since the programme's inception, but the Rus- 
sian Federation's participation has varied widely. 
There (and in the Commonwealth of Independ- 
ent States), protection of biodiversity is overseen 
by the Russian Ministry of Natural Resources 
and Environment, and relies on listings in the 
Red Data Book of the Russian Federation, which 
is nearly two decades old. So, as Crimea severs 
its links with Ukraine and forges new ones with 
Russia, what will happen to the endangered 
plants and animals in the Kara Dag Nature 
Reserve on the Crimean coast, or the endemic 
species of the Askania-Nova Biosphere Reserve 
on the border between Ukraine and Crimea? 

There are many examples of steep declines in 
species populations after political division. The 
range and population size of the endangered 
Kashmir markhor (Capra falconeri falconeri) in 
India have contracted by 60% since the 1947 partition that formed 
Pakistan — not least because of the 500-kilometre fence that India 
erected to mark the de facto border. 

In other cases it is hard even to keep track. When Yugoslavia dis- 
solved in 1992 into Serbia, Montenegro, Slovenia, Macedonia, Croatia 
and Bosnia—Herzegovina, planning for the conservation and manage- 
ment of Yugoslavia’s fragmented population of regionally threatened 
or endangered brown bears (Ursus arctos arctos) was taken over by 
agencies in six countries, each of which had different species-protec- 
tion acts. Borders, language barriers and political constraints mean 
that data on population size and species status are now collected only 
by country, not across the entire range of the bear. Such fragmented 
data will not help those charged with ensuring the survival of the spe- 
cies. And without reliable data, conservation is likely to continue to 
be cast as the enemy of economic development. 


Ts Republic of Crimea looks set to become the latest new nation 


Of course, these same issues arise acrossbor- DNATURE.COM 
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Political borders should 
not hamper wildlife 


Given the lack of global legislation, nations should work hard to establish 
cross-border protections for vulnerable species, says Aaron M. Ellison. 


Montana to Alberta, it loses its protection under the US Endangered 
Species Act. The United States considers the grizzly to be regionally 
threatened, but Canada lists it only as a species of special concern. 

Such cross-border transits are becoming increasingly difficult: the 
proliferation of fences between countries not only prevents illegal 
immigration but also slices in two the habitats of many species and 
prevents migrations. Populations of the globally endangered Arroyo 
toad (Anaxyrus californicus) and black-spotted newt (Notophthalmus 
meridionalis), for example, have been split into potentially unsustain- 
able subpopulations by the fence between the United States and Mexico. 
Similarly, Arabian gazelles (Gazella arabica), striped hyenas (Hyaena 
hyaena) and sand cats (Felis margarita) find their historic ranges and 
migration routes blocked by border walls in the Middle East. 

Civil wars (and the creation of new nation 
states) have become much more frequent since 
the Second World War, and they not only cause 
immediate environmental damage, but also 
lead to long-lasting differences in cross-border 
conservation programmes. Peaceful transitions 
may minimize the immediate impacts, but chal- 

enges will remain in the long term. In the United 
Kingdom, for example, many rare or endangered 
butterflies, birds and plants are moving from 
England into Scotland as the climate warms. If 
Scotland votes for independence, will these spe- 
cies retain their current levels of protection? 

Conservation biologists have repeatedly called 
for global, or at least cross-border, systems of 
protected areas. Long-standing international 
treaties, such as the Convention on Biological 
Diversity (CBD), make similar pronouncements. But although the 
CBD has guidelines and suggestions for the conservation of biological 
diversity, it provides no legal protection for threatened or endangered 
species. And even if the CBD could be given regulatory power, every 
time a new country is formed, treaties have to be reopened, renegoti- 
ated and re-ratified; history suggests that the result tends to be new 
treaties or laws with more exceptions and weaker protections. 

Still, the concept of transboundary protected areas, or Peace Parks, 
has strong appeal. Peace parks, such as the La Amistad International 
Park established on the border between Costa Rica and Panama in 
1988, not only protect biodiversity but also help to defuse border ten- 
sions and conflicts. Such reserves can be set up bilaterally, without 
complex multinational agreements. If Crimea and Ukraine do end up 
parting ways, then they must set up a similar cross-boundary haven 
for wildlife. m 


Aaron M. Ellison is a senior research fellow at Harvard University in 
Cambridge, Massachusetts. 
e-mail: aellison@fas.harvard.edu 
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Brain map reveals 
behaviour links 


An “atlas” of the fruit-fly 
brain is the largest yet to map 
regions that encode specific 
behaviours, such as walking 
backwards. 

Carey Priebe of Johns 
Hopkins University in 
Baltimore, Maryland, and 
Marta Zlatic of the Howard 
Hughes Medical Institute's 
Janelia Farm Research 
Campus in Ashburn, 

Virginia, and their colleagues 
engineered fruit-fly larvae 

so that the insects’ neurons 
fired when hit with a beam 

of light. The researchers 
stimulated more than 1,000 
different neuronal pathways in 
nearly 38,000 Drosophila flies, 
and recorded how the flies 
responded. 

They were able to determine 
29 different behaviours, such 
as turning to avoid an obstacle, 
and mapped which neurons 
seemed to control each 
behaviour. 

Science http://doi.org/r4t (2014) 


Ancient starfish 
spotted predators 


Sea stars and some other 
echinoderms might have had 
complex visual systems for 
roughly the past 80 million 
years. 

Some existing echinoderms, 
such as brittle stars, are covered 
in crystal calcite microlenses 
that are sensitive to light. To 
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Stick-on skin sensor measures motion 


A wearable device as thin as a temporary tattoo 
can measure, store and transmit data on muscle 
activity, and release embedded drugs into the 


and drug carriers. The authors showed that 
when the device was applied to human skin, 
it remained in place and deformed with the 


wearer's skin. 
Dae-Hyeong Kim at Seoul National 
University in South Korea and his colleagues 


skin. It measured simulated hand tremors, and 
delivered drugs through the skin when the tiny 
heaters generated enough heat. 


built their device (pictured) by placing 
stretchable layers of nanomaterials onto an 
elastomeric polymer material designed to 
mimic the softness and flexibility of skin. The 
nanomaterials acted as strain and temperature 
sensors, memory modules, microheaters 


determine the evolutionary 
history of these structures, 
Przemystaw Gorzelak at the 
Polish Academy of Sciences in 
Warsaw and his team analysed 
75-million-year-old brittle- 
star and starfish fossils using a 


scanning electron microscope. 


Both kinds of fossil contained 
structures (pictured) 
that matched modern 
echinoderms’ microlenses in 
size and shape. 

After an explosion in 
the diversity of fish and 
crustacean predators began 
around 80 million years 
ago, echinoderms may have 
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developed visual systems 

to avoid such predators, the 
researchers say. 

Nature Commun. 5, 3576 (2014) 


| __NEUROSCIENCE 
Why babies live 
hand to mouth 


The reason that newborns put 
their hands into their mouths 
is probably because this action 
is hard-wired into the brain as 
a basic unit of movement. 
Angela Sirigu at the French 
National Centre for Scientific 
Research in Bron and her 
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The device used a wired connection for 
power supply and data transfer, but the team 
aims to develop a wireless version for use by 
patients with movement disorders. 

Nature Nanotechnol. http://dx.doi.org/10.1038/ 
nnano.2014.38 (2014) 


colleagues used electrodes to 
stimulate nearly 150 sites in 
the precentral gyrus — the 
brain region that controls 
voluntary movement — in 
26 people undergoing brain 
surgery. When the researchers 
stimulated ten specific sites 
in nine of the participants, 
including two three-year-olds, 
the volunteers each moved 
their closing hand towards 
their opening mouth. 

The authors speculate 
that the hard-wiring of these 
movements in the brain means 
that they are an evolutionarily 
important behaviour that 
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allows babies to put things 

in their mouth accurately, 
even at a time when they have 
generally poor motor control. 
Proc. Natl Acad. Sci. USA 
http://dx.doi.org/10.1073/ 
pnas.1321909111 (2014) 


ANIMAL BEHAVIOUR 


Whale dives into 
record books 


A Cuvier’s beaked whale has 
set a new record for the deepest 
known dive by a mammal, 
reaching 2,992 metres. 

Gregory Schorr at the 
Cascadia Research Collective 
in Olympia, Washington, 
and his colleagues attached 
satellite tags to eight Cuvier’s 
beaked whales (Ziphius 
cavirostris) and collected 
more than 3,700 hours of data 
on the whales’ movements 
off the California coast. 

One individual was ina dive 
for 137.5 minutes, nearly 

18 minutes longer than the 
previous deep-diving record- 
holder, the southern elephant 
seal (Mirounga leonina). 
Another whale beat the seal’s 
record depth by more than 
600 metres. 

This behaviour could be 
atypical, and might be a result 
of heavy naval sonar use in 
part of the study region, the 
authors say. 

PLoS ONE 9, e92633 (2014) 


Cancer survives 
by silencing a gene 


Breast cancer can become 
resistant to treatment by 
co-opting a gene-silencing 
mechanism, reports a team 
led by Steffi Oesterreich at the 
University of Pittsburgh in 
Pennsylvania. 

The hormone oestrogen, 
which drives many breast 
cancers, dampens the activity 
of the tumour-fighting gene 
HOXC10, and drugs called 
aromatase inhibitors free the 
gene from this repression. But 
in a genome-wide screen of 
human breast-cancer cells, 
the team found that these 
drugs can also lead to a type of 


epigenetic modification called 
methylation — the addition of 
methyl groups to DNA without 
changing its sequence — across 
the genome. This ultimately 
silences HOXC10, rendering 
breast-cancer cells resistant to 
aromatase inhibitors. 

Blocking the methylation 
activity associated with 
aromatase-inhibitor treatment 
might delay or prevent 
resistance to therapy, the 
authors say. 

Sci. Transl. Med. 6, 229ra41 (2014) 


A broken channel 
in Huntington’s 


In Huntingtons disease, 
neurons become more 
excitable and die. Researchers 
have now found a faulty ion 
channel in astrocytes, another 
type of brain cell, that could be 
contributing to this. 

Baljit Khakh and Michael 
Sofroniew at the University 
of California, Los Angeles, 
and their colleagues studied 
two mouse models of 
Huntington's disease, and 
show that channels that allow 
potassium ions to cross the cell 
membrane were dysfunctional 
in astrocytes containing the 
Huntington's disease proteins. 
This caused potassium levels 
outside the cells to rise, making 
the membranes of nearby 
neurons more excitable. 

The authors reversed these 
defects by replacing the faulty 
channels with functional ones. 
In one of the mouse models, 
channel replacement allowed 
the animals to walk more 
normally and live longer than 
mice with defective channels. 
Nature Neurosci. http://dx.doi. 
org/10.1038/nn.3691 (2014) 
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Cattle tamed by 
moving and mixing 


Cattle were domesticated in 
the Middle East before being 
brought to Africa by migrating 
humans some 10,000 years ago. 
Researchers previously 
thought that African cattle 
were domesticated there. To 
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City birds and plants in decline 


Most bird and plant species in cities are 


oe : 7 native to those areas, but their numbers 
online in February ate rapidly decreasing around the world. 


Myla Aronson at Rutgers University in 
New Brunswick, New Jersey, and her colleagues compiled and 
analysed data for birds in 54 cities and for plants in 110 cities, 
mainly in North America and Europe — the largest collection 
of urban biodiversity data so far. 

The authors found that cities support just 8% of bird species 
and 25% of plant species that are found in non-urban areas. 
Human-related factors, such as land use and city age, seem 
to have a greater effect on bird and plant populations than do 
natural factors such as climate and geography. 

Urban planning that emphasizes native habitats could 
better support biodiversity, the authors say. 

Proc. R. Soc. B 281, 20133330 (2014) 


better understand this history, 
Jared Decker and Jeremy 
Taylor at the University of 
Missouri in Columbia and 
their colleagues analysed 

the DNA of 134 breeds of 
domesticated cattle to establish 
the relationships between 
them. The authors found 

that cattle imported from the 
Middle East bred with wild 
species to produce the African 
animals seen today. 

Mixing of native cattle with 
imported breeds occurred 
extensively worldwide. For 
example, American feral breeds 
are descended from cattle that 
were brought in from Spain 
and India. 

PLoS Genet. 10, e1004254 (2014) 


Crabs ready for 
climate change 


Cold-blooded animals are 
especially at risk as the climate 
warms, but the remarkable 
temperature tolerance of 
the European green crab 
(Carcinus maenas; pictured) 
bodes well for the animal. 
Carolyn Tepolt and George 
Somero at Stanford University’s 
Hopkins Marine Station in 
Pacific Grove, California, 
studied the temperature 


tolerance of crabs by measuring 
the cardiac function of animals 
at seven sites in Europe and 
eastern North America with 
widely varying temperatures. 
They found that the crabs 
could withstand warmer 
waters before their cardiac 
function was compromised, 
compared to native crustaceans 
in many places. Crabs also 
thrived in colder habitats, 
and acclimatized quickly to 
temperature shifts. 
Temperature tolerance has 
probably allowed this crab to 
spread rapidly along the coasts 
of North America, say the 
authors. 
J. Exp. Biol. 217, 1129-1138 
(2014) 


Sa 
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EVENTS 


Telescope progress 
The first of 64 huge antennas 
that will eventually make 

up the world’s biggest radio 
telescope opened for business 
in South Africa on 27 March. 
The full array of the 19.5-metre 
antennas, which will make up 
the MeerKAT telescope under 
construction in the Karoo 
region, will be operational 

by 2017. The project is the 

first stage of the much larger 
planned Square Kilometer 
Array (SKA) of radio telescopes 
that will be located in South 
Africa and Australia. The 

first stage of SKA’s Australian 
component will add 60 dishes 
to an existing 36-dish array in 
Western Australia. 


Ebola spreads 

An outbreak of the Ebola 

virus that began in southern 
Guinea has reached the capital, 
Conakry, and has moved into 
neighbouring Liberia. Guinean 
health officials have reported 
78 deaths out of 122 suspected 
or confirmed cases, the World 
Health Organization (WHO) 
said on 30 March. Four people 
have died in Liberia among 
seven possible and confirmed 
cases. All of the Liberian cases 
were contracted in Guinea, 
said the WHO. 


7 million 


The number of people who 
died in 2012 as a result of 
exposure to air pollution, 
according to a report 
released by the World Health 
Organization on 25 March. 
The figure more than doubles 
previous estimates. Air 
pollution is now the largest 
single environmental health 
risk, the agency says. 
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Court halts Japan’s whale hunt 


Japan’s Antarctic whale hunt is not scientific 
and so must be halted, ruled the International 
Court of Justice on 31 March in The Hague in 
the Netherlands. Japan has maintained that it 
catches whales for research — which is allowed 
under international law — but opponents 

say that the actions amount to commercial 
whaling, which is effectively banned. The 
court found that the research programme 


POLICY 


Cut threat to health 
The United States’ 
contribution to global health 
research and development 

is being undermined by 
funding restrictions to the US 
National Institutes of Health 
(NIH). The warning comes 

in a27 March report from 

the Washington DC-based 
Global Health Technologies 
Coalition, which represents 
more than 25 non-profit 
organizations. NIH funding 
cuts have forced the closure 
of clinical trials examining a 
new tuberculosis drug and the 
scaling back of programmes 
providing poor countries with 
treatments for HIV/AIDS and 
tools to control malaria. 
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for more. 


Water protection 
Wetlands and streams in 

the United States are set to 

be given greater protection 
under the Clean Water 

Act. On 25 March, the 
Environmental Protection 
Agency and the US Army 
Corps of Engineers sought 

to clarify the scope of the act, 
proposing that wetlands and 
streams specifically should 
be protected. Environmental 
groups have been calling for 
such clarification for a decade. 
The proposal is open for 
public comment until the end 
of June. 


Methane plan 

The US government published 
on 28 March a national 
strategy to cut methane 
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has produced limited scientific findings, and 
that Japan provided a weak explanation for 
the number of animals it killed. It is unclear 
whether Japan will now cease its hunts. 
Whaling elsewhere continues, for example in 
Norway and Iceland, which oppose the ban 
and do not claim a scientific justification for 
their whale hunts. See go.nature.com/rlu3iz 


emissions, as part of the 
Climate Action Plan that 
President Barack Obama 
announced last June. The 
strategy includes proposals 
for updated standards, set 

to be issued this summer, 

to cut emissions of the 
potent greenhouse gas from 
landfills. The government also 
announced a forthcoming 
Biogas Roadmap that will 
outline voluntary strategies 
to reduce methane emissions 
from the dairy industry by 
25% by 2020. 


Warming world 
Global warming is already 
affecting ecosystems across 
Earth, from freshwater systems 
to urban environments, and its 
effects are poised to increase in 
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g the coming decades, said the 
= Intergovernmental Panel on 

g Climate Change on 31 March. 
The report was the second 
instalment of the panel’ fifth 
climate assessment, focusing 
on global warming’s impacts 
and the need for humans to 
adapt to a changing climate. 
The last instalment of the 
report is scheduled for release 
on 13 April. See page 7 for 
more. 


Acidic waters 

The US government 

should establish a national 
programme to coordinate 
research on ocean 
acidification, a federal advisory 
group said on 26 March. 
Developing technologies to 
monitor the pH of the ocean 
and how it affects marine food 
webs are among the goals that 
the programme should pursue, 
said the Interagency Working 
Group on Ocean Acidification. 
The group warned that the 
chemistry of the world’s oceans 
is changing faster now than 

at any other time in the past 

20 million years. 


Cyclone captured 


Bands of heavy rain stand 
out in red in this image of 

a cyclone in the northwest 
Pacific Ocean on 10 March, 
one of the first glimpses from 
the US-Japanese Global 
Precipitation Measurement 


TREND WATCH 


Autism diagnoses rose to 1 in 68 
US children (1.2 million in total) 
in 2010, up from 1 in 110 in 2006, 
according to a report released 

on 27 March by the Centers for 
Disease Control and Prevention 
in Atlanta, Georgia. Nearly half of 
the children who are diagnosed 
with autism have average or above 


average intelligence, up from 


one-third in 2002. It is unclear 
whether more-intelligent children 
are developing the condition, or 
whether they are being diagnosed 
more often than in the past (see 


Nature 479, 22-24; 2011). 


(GPM) Core Observatory 
satellite. GPM officials 
released the images on 

25 March, less than four 
weeks after the mission 
launched. The cyclone 
pictured shows off the GPM’s 
ability to measure a variety 
of precipitation in a single 
storm, including snowflakes. 
Rain is shown in red, yellow 
and light blue, and snow in 
dark blue (upper left). 


Drug discovery 


Two planned UK research 
centres will bring together 
academia and industry to 
discover medicines. The 
Centre for Therapeutic Target 
Validation, announced on 

27 March, will emerge from a 
collaboration between drug 
company GlaxoSmithKline, 
headquartered in London, 
the Wellcome Trust Sanger 
Institute and the European 
Bioinformatics Institute, 
both in Hinxton, UK. On 

31 March, the UK Medical 
Research Council announced 


AUTISM DIAGNOSES RISING 


a separate collaboration with 
London-based drug company 
AstraZeneca to open the 
Centre for Lead Discovery 

in 2016, aimed at better 
understanding diseases. 


Misconduct finding 


A committee investigating 
problems with two high- 
profile stem-cell papers says 
that lead researcher Haruko 
Obokata manipulated 

data in an intentionally 
misleading fashion. Obokata, 
of the RIKEN Center for 
Developmental Biology 

in Kobe, Japan, is guilty 

of scientific misconduct, 
said the RIKEN-scientist- 
led committee at a press 
conference on 1 April. 
Obokata was not present, but 
said in a written statement 
that she planned to appeal. 
The papers, which claimed 
that a simple method 
reprogrammed mature cells 
into an embryonic state, 
were published in Nature on 
30 January. See go.nature. 
com/cltkcg for more. 


Site selection 


European scientists have 
picked four potential landing 
sites for a rover designed to 
search for life on Mars. The 
ExoMars rover, part ofa joint 
mission of the European Space 
Agency (ESA) and Russia’s 
space agency, Roscosmos, 

is scheduled to land on the 

red planet in early 2019. At 


Almost 1.5% of US children are now diagnosed with autism, 
according to data from 11 regions in the United States. 
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SEVEN DAYS | THIS WEEK | 


3 APRIL 

The Sentinel-1A satellite 
launches. It is the first 

of two satellites in the 
initial phase of Europe's 
Copernicus global- 
monitoring programme, 
and carries an advanced 
radar to provide all- 
weather, 24-hour images 
of Earth. 
go.nature.com/ijm6cd 


5-9 APRIL 

The American 
Association for Cancer 
Research meets in San 
Diego, California, to 
discuss and celebrate 
progress in turning 
basic-science discoveries 
into treatments. 
go.nature.com/cimtj3 


a workshop on 27 March 

at ESA's European Space 
Astronomy Centre near 
Madrid, four sites — Hypanis 
Vallis, Oxia Planum, Mawrth 
Vallis and Oxia Palus — 
emerged as favourites from 
eight proposed sites. An expert 
group will now consider the 
proposals before announcing 
a formal shortlist in June. See 
page 19 for more. 


AWARDS 


Maths prize 


The Norwegian Academy 

of Science and Letters has 
awarded the 2014 Abel Prize 
to Yakov Sinai, a Russian- 
born mathematical physicist 
at Princeton University in 
New Jersey. Sinai is most 
famous for his work in the 
field of complex dynamical 
systems, which includes chaos 
theory. The Abel Prize is one 
of the most prestigious prizes 
in mathematics and comes 
with a monetary award of 

6 million Norwegian kroner 
(US$1 million). See go.nature. 
com/ttwwwe for more. 
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The Crimean Astrophysical Observatory in Nauchny is one of many institutes in Crimea that will now be taken over by the Russian Academy of Sciences. 


Ukraine’s science in turmoil 


Crimean institutions put their future in Russia’s hands as Ukraine attempts research reforms. 


BY ALISON ABBOTT 


ith political chaos playing out 
around them, researchers in 
Ukraine and the freshly annexed 


region of Crimea are facing their own upheav- 
als. Many Crimean institutes are looking to 
their new Russian master for signs of what is 
to come, and Ukraine’s scientists can already 
see cuts heading their way. 

The interim government in Ukraine, set up 
after the ousting of President Viktor Yanukovych 
on 22 February, has now declared a 100-day 
programme to reform education and research 
along meritocratic Western lines before the pres- 
idential elections on 25 May. But the country’s 
austerity budget, agreed on 27 March, will see 
researchers lose up to one-third of their already 
low funding (which totalled US$227 million 
in 2013) as Ukraine seeks to secure foreign loans 
to prioritize support for the army. 

“Things are not going well,” says Nataliya 


Shulga, a molecular biologist at the National 
Pedagogical Dragomanov University in 
Kiev, who runs the Ukrainian Science Club, 
a lobby group. 

Unsure of what the future holds, research 
institutes and universities in Crimea have 
requested takeover by Russian institutions, 
the relative wealth and stability of which are 
attractive. And Ukraine's interim government 
now accepts that its reform programme will 
not cover Crimean scientists. The Crimean 
Astrophysical Observatory in Nauchny, part 
of the University of Kiev, is one of around 
100 science centres that are transferring to 
the Russian Academy of Sciences. Observa- 
tory staff received their final Ukrainian pay 
cheques last month. 

For some, this is unsettling. “We really don't 
know what will happen at all, and we are reluc- 
tant to orientate ourselves to internal grants 
in Russia because of the international sanc- 
tions,’ says zoologist Gregory Prokopov from 
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Taurida National V. I. Vernadsky University in 
Simferopol, Crimea. 

But many Crimean scientists are more than 
happy about the change. Alla Rostopchina, 
director of the Crimean Astrophysical Obser- 
vatory, says that it was an immediate decision 
to request admission to the Russian Academy 
of Sciences. The observatory, she says, has “long 
and strong” relationships with Russian astron- 
omy, and she anticipates practical benefits. 
“First of all we hope to update our instrumenta- 
tion, and we look forward to fuller participation 
in Russian space projects,” she says. But she also 
hopes to maintain collaborations with Western 
scientists. 

Yet the shift eastwards might not be straight- 
forward. At a meeting of the Russian Academy 
of Sciences’ executive committee on 25 March, 
its president Vladimir Fortov pledged not 
to interfere with the academic work of its 
new Crimean institutes, but noted that it 
would cost the academy 5 billion rubles > 
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> (US$140 million) a year to operate them. 
And Yaroslav Yatskiv, director of the Main 
Astronomical Observatory of the National 
Academy of Sciences of Ukraine (NASU) 
in Kiev, points out that it “might be hard for 
the [Russian] academy to receive the insti- 
tutes since it is itself in the midst of reform”. 
However, herpetologist Oleg Kukushkin 
of the NASU’s Karadag Nature Reserve in 
southeast Crimea, claims that the NASU 
has been inefficient and bureaucratic, and 
says that research at the reserve would be 
best protected by moving to the Russian 
academy. “It would be the optimal and most 
logical decision,” he says. 

Elsewhere in Ukraine, the post-revolution 
euphoria and ambitions for rapid reforms of 
science governance have been dampened. 
And hopes are fading that the NASU, which 
comprises more than 500 members and runs 
about 170 research institutes and centres, 
would agree to modernizations that many 
say are crucial. This week, it postponed the 
planned elections of a new executive coun- 
cil until the autumn because of the political 
instability in Ukraine. NASU president Boris 
Paton, 95, who has been in office for 52 years, 
will now retain his role until next year. 

Young researchers would like to see 
an end to this gerontocracy. Oleksandr 
Skorokhod, a PhD student at the Institute 
of Molecular Biology and Genetics in Kiev, 
is part of a newly organized network called 
the NASU Council of Young Scientists. 
Its members are lobbying effectively for 
systemic changes to improve the long-term 
health of Ukrainian science. 

The network has also been included in 
the education ministry's broad consultation 
process on the draft reforms. The reforms 
are being packaged into a new higher- 
education law, as well as into a revision to 
an existing science law. They include, for 
example, substituting the two Soviet-style 
higher degrees — candidate of science and 
doctor of science — with a PhD, which will 
be awarded by universities rather than the 
academy. The reforms would also impose 
Western-style standards for accrediting 
universities, and create an independent 
grants agency. 

Shulga says that the reforms are being 
slowed down by the NASU because “most 
academy members are powerful and 
resistant to change”. Other scientists point 
out that resistance is encouraged by the gen- 
erous lifelong stipend each member enjoys. 

But Sergei Mosyakin, a corresponding 
member of the NASU and an ecologist at 
the M. G. Kholodny Institute of Botany in 
Kiev, says that the situation is not that sim- 
ple. “The budget of the academy will be cut, 
so there will be no possibility of a real and 
productive large-scale reform. The general 
consensus is that the changes are inevitable, 
but they should be evolutionary.” m 
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Lymphoma has been subdivided into dozens of classes 


of cancer on the basis of the immune cell affected. 


DRUG DEVELOPMENT 


Regulators adopt 
more orphan drugs 


Agencies face rising applications for rare-disease therapies 
resulting from increasingly precise disease definitions. 


BY SARA REARDON 


ike a cancer cell, the definition of 
Loe has been dividing. Nearly 

700,000 people in the United States 
have the disease, but over the past few dec- 
ades, lymphoma has been sliced into several 
dozen subgroups on the basis of the type of 
immune cell that becomes cancerous. Drug 
companies have targeted these subtypes and 
have asked that they be counted as ‘orphan 
diseases’ — in the United States, this refers 
to diseases that have no cure and that affect 
fewer than 200,000 people, according to the 
definition given by the US Food and Drug 
Administration (FDA). 

In 2013, the FDA granted orphan-drug 
designations to specific lymphoma treat- 
ments at least 21 times. And overall the pro- 
gramme — run by the Office of Orphan 
Products Development (OOPD) — designated 
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a record 260 drug applications as orphans last 
year, a 38% jump from 2012. 

But as the trend towards precision medicine 
continues, some worry that the programme 
risks becoming a victim of its own prodi- 
gious success. The benefits given to devel- 
opers through the scheme — such as market 
exclusivity — are helping to send the prices 
of orphan drugs sky high. And because drug 
applications for common diseases are stagnat- 
ing, one of the FDA’s main revenue sources is 
under threat. 

“Orphans are taking over the agency,’ says 
Timothy Coté, a former OOPD director who 
now runs his own business, Coté Orphan Con- 
sulting, in Silver Spring, Maryland. In all, more 
than one-third of new drugs approved by the 
FDA last year were orphans. 

The 1983 Orphan Drug Act was intended 
to give drug companies generous incentives 
to develop products that might not otherwise 
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seem to be worthwhile investments. Compa- 
nies typically apply for an orphan-drug desig- 
nation early in the drug-development process. 
Ifan orphan drug is ultimately approved for the 
market, the FDA waives the US$2.17-million 
‘user fee’ that companies must pay to the FDA 
for new drugs. The companies also get tax cred- 
its for incurred clinical-trial costs, along with 
seven years of market exclusivity, during which 
time approvals for similar drugs are blocked. 

Europe has a similar scheme: in 1999, the 
European Medicines Agency created an 
orphan designation for diseases that affect 
fewer than 5 in 10,000 people in Europe. The 
programme, which among other perks grants 
10 years of market exclusivity, has also seen a 
steady rise in orphan designations over the 
past few years (see ‘Orphan ascent’). 

Companies are flocking to orphan drugs 
partly because of the difficulty in finding 
significantly better treatments for common 
diseases that already are well supplied with 
medicines. Dozens of treatments already exist 
for diabetes, for example, and many of them 
are quite effective. “The age of the blockbuster 
appears to be over,’ says Coté. 

But drug developers are also finding that the 
market for some orphan drugs is bigger than 
one might think. New York City-based Pfizer, 
for example, is developing orphan treatments 
for sickle-cell disease. Although the disease 
is rare in the United States — where it affects 
fewer than 100,000 people — sickle-cell anae- 
mia is common in Africa, and the company fac- 
tors that into its calculations, says Alvin Shih, 
chief operating officer of Pfizer’s rare-disease 
research unit in Cambridge, Massachusetts. He 
says that the company established the unit in 
2010 after deciding that rare diseases would be 
a good investment. 

Even when diseases are extremely rare, 
orphan drugs can still be profitable. In 2012, 
for instance, the FDA approved a drug called 
Kalydeco (ivacaftor; Vertex Pharmaceuticals, 
South Boston, Massachusetts), which targets 
one particular genetic mutation that causes 
cystic fibrosis, a disease that affects about 
30,000 people in the United States. The drug 
works for only about 4% of patients with cystic 
fibrosis, and they pay as much as $373,000 per 
year for it. 

Some critics have expressed concerns that 
companies might artificially ‘salami-slice’ dis- 
eases. To protect against that, the FDA issued 
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Orphan-drug designations, which come with perks for drug companies trying to find cures for rare diseases, 
are on the rise at both the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA). 
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Orphan-drug designations 
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a rule in June 2013 that clarified its position: 
applicants must provide scientifically plausible 
evidence for the uniqueness of a disease. But 
scientific advances provide ample opportuni- 
ties to offer such justification. Geneticists have 
connected tiny mutations to rare syndromes; 
virologists have tracked the evolution of recep- 
tors on the surfaces of flu viruses; and biochem- 
ists have discovered the misfolded proteins that 

appear in diseases such as Alzheimer’s. 
In 1999, fewer than 1,000 diseases had a 
known mechanism, says Christopher Aus- 
tin, who heads the 


“Orphans are National Center for 
taking over Advancing Trans- 
the agency. lational Sciences in 
The age of the Rockville, Maryland. 
blockbuster Today, the mecha- 
appears to nisms behind more 
be over.” than 5,000 diseases 


are known. “The 
common ones are becoming rare, the rare ones 
are becoming defined,’ Austin says. 

The FDA’ definition of an orphan drug 
reaches beyond medicines that treat very 
specific diseases. Drugs that effectively treat 
a small subgroup of patients with a common 
disorder — such as people for whom previous 
treatments for depression have failed — can 
also be designated as orphans, says Gayatri 
Rao, who heads the OOPD. Even an infection 
by bacteria with a certain type of antibiotic 
resistance could potentially get the designation. 

These and different subtypes of a cancer are a 
far cry from the types of extremely rare genetic 
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disease that were the original motivation in 
establishing the orphan programmes — such 
as progeria, which causes premature ageing and 
affects fewer than 250 people in the world. “At 
the time, people didn’t foresee oncology going 
in the direction it has,’ says Steven Bates, chief 
executive of the BioIndustry Association, an 
organization of UK pharmaceutical companies 
based in London. 

Coté says that it is entirely conceivable that 
orphans might one day account for most of 
the FDA’s drug approvals — and that could 
ultimately sap the agency of a major income 
stream. He notes that the $2.17-million user 
fee that the FDA depends on to help fund its 
operations has already risen dramatically, up 
from $573,500 just a decade ago, and he sus- 
pects that is partly because of the increasing 
number of orphan drugs that do not warrant 
any fee. 

And the exorbitant cost of some orphan 
drugs is becoming a concern for insurers and 
national health-care systems in the European 
Union, says Bates. The UK National Institute 
for Health and Care Excellence, for instance, 
is considering ways to handle these expensive 
drugs, such as price ceilings or having compa- 
nies justify their prices. 

Eventually, says Rao, regulatory agencies 
might need to rethink their strategies. But 
for now, the FDA is glad that the orphan pro- 
gramme is so popular. “These are sort of long- 
term considerations, and we're not there yet,” 
she says. “In the near future, the more orphan 
drugs we see, the better?” = 
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European scientists have selected four favourable landing sites for the ExoMars rover. The sites must 
satisfy three engineering requirements: a low elevation, plentiful sunlight and little dust. 
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ExoMars scientists narrow 


down landing sites 


Facing engineering constraints, researchers propose four destinations for European rover. 


BY ELIZABETH GIBNEY 


cientists have picked four potential 

landing sites for a European rover 

designed to search for life on Mars. The 
300-kilogram ExoMars rover, part of a joint 
mission of the European Space Agency (ESA) 
and Russia’s space agency, Roscosmos, is 
scheduled to land on the red planet in early 
2019. Armed with a drill that can bore 2 metres 
into rock, the rover will search for preserved 
organic matter that, on the surface, might have 
been destroyed by harsh radiation. 

Last week, 60 scientists met at ESA’s Euro- 
pean Space Astronomy Centre near Madrid to 
discuss eight potential sites. On 27 March, they 
cast an informal vote, and four sites emerged 
as favourites: Mawrth Vallis, Oxia Planum, 
Hypanis Vallis and Oxia Palus (see ‘Homing 
in’). An expert working group tasked with 


recommending a final landing site will now 
consider the proposals, before announcing a 
formal shortlist of three or four sites in June. 
Following detailed studies of the shortlisted 
sites, the panel will make a single recommen- 
dation to ESA and Roscosmos in late 2016. 

Finding the right spot is crucial, says 
Matt Balme, a planetary scientist at the Open 
University in Milton Keynes, UK. “If we make 
the wrong choice, we could land somewhere 
unsafe — leading to total mission failure — or 
land somewhere where we have no chance of 
meeting the science objectives of the mission,” 
he says. 

Scientific and engineering constraints 
already rule out much of the planet. To have 
a chance of finding evidence of life, working- 
group scientists must pick a site that would 
have been watery more than 3.6 billion years 
ago, when water is thought to have been 
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more abundant. They also need a site where 
wet sediments were quickly buried and pre- 
served ina stack of geological layers, says ESAs 
ExoMars project scientist Jorge Vago, who is 
based at the European Space Research and 
Technology Centre in Noordwijk, the Neth- 
erlands. The four leading sites fall into two 
categories: places where there is strong miner- 
alogical evidence for wet sediments, and places 
where there is strong morphological evidence 
for river mechanisms that would have depos- 
ited fine sediments, which are best for trapping 
and preserving organic materials. 

Mawrth Vallis and Oxia Planum, two vast 
plains that contain some of the planet’s old- 
est rocks, fall into the first category. Minerals 
called phyllosilicates detected from orbit indi- 
cate that the rocks were once wet clays, and that 
they formed ina neutral pH environment that 
would have been favourable for life. 
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Meanwhile, images from orbit show that 
Oxia Palus once had a meandering river 
channel, and that Hypanis Vallis was once a 
delta. Both features would have buried organic 
matter quickly, leading to its preservation in 
sedimentary rock. 

“Should we go where there is evidence of a 
wide-scale river environment, or go where the 
clays are?” asks John Bridges, a planetary sci- 
entist at the University of Leicester, UK, anda 
member of the site-selection working group. 
“There are good arguments both ways.” 

Jack Mustard, a geologist at Brown Univer- 
sity in Providence, Rhode Island, and former 
chair of NASA’s Mars advisory group, says 
that the best place to find signs of life will be 
somewhere with a long history of flowing 
water. “You want to be ina place where water 
would have been around long enough to have 
captured the spark of life, should it have ever 
started,’ he says. For this, he adds, Mawrth 
Vallis “stands out’, because its chemistry sug- 
gests that the region held water for an extended 
time. The site narrowly missed out on being 
the destination for NASA’s Curiosity rover, 
which landed in Gale Crater in 2012. 


But before ExoMars can begin to test for 
life, it has to land safely. Responsibility for the 
landing system lies with Roscosmos, which 
signed up to the project last year after NASA 
dropped out in 2011 (see Nature http://doi. 
org/bwd9hh; 2011). Russia's expertise is built 
mostly on its success 


“Should we go with lunar landers in 
where there is the 1960s and 70s. 
evidence ofa Vago says that the 
wide-scale river team will get to test 
environment, its technology with 
orgowherethe atrial lander — the 
clays are?” ExoMars Entry, 


Descent and Land- 
ing Demonstrator Module — in 2016, before 
the main mission. 

The landing technology is already limiting 
the number of viable sites. ExoMars will use a 
heat shield and parachutes to pass through the 
thin atmosphere. It needs to travel through as 
much atmosphere as possible to slow it down 
sufficiently for a safe landing, so the landing 
zone must be low-lying. Furthermore, unlike 
the radioisotope-powered Curiosity, the rover 
will run solely on solar energy. That means 


that only dust-free and sunny destinations, 
not too far from the equator, will do. 

The landing window for ExoMars, given 
the uncertainties in its trajectory, is an ellipse 
104 kilometres long and 19 kilometres wide — 
more than ten times the area of the window for 
Curiosity, which had the ability to land more 
precisely. This entire site must be mostly clear 
of large boulders and craters. Yet because the 
ExoMars rover will travel only a few kilome- 
tres in total, its path must contain scientifically 
interesting sites throughout. Over the next 
month, the working group will try to find the 
best landing ellipse for each site, says Vago. 

NASA, for its part, will in May begin the 
process of picking a destination for its next 
Mars rover, scheduled for launch in 2020. 
Getting the data needed to evaluate sites for 
both ExoMars and the 2020 rover will be a 
race against time, says Mustard. NASA's Mars 
Reconnaissance Orbiter, which has done the 
lion’s share of the high-resolution spectroscopy 
and imaging of the landing sites, is now nine 
years old, and starting to suffer from technical 
glitches. “The idea is to get the data before the 
pieces start falling off? says Mustard. = 


El Nino tests forecasters 


As hints emerge of a major weather event this year, poor data could thwart attempts to 


improve predictions. 


BY JEFF TOLLEFSON 


r the first sign of a brewing El Nifio 
weather pattern came in January, as 
trade winds that normally blow from 

the east reversed course near Papua New 

Guinea. Barrelling back across the tropical 

Pacific Ocean, they began to push warm water 

towards South America. Now climate scientists 

and forecasters are on high alert. 

A major El Nifio event — a periodic warm- 
ing of waters in the eastern equatorial Pacific 
— could boost temperatures and scramble 
weather worldwide. The most recent major 
event, in 1997-98, was linked to thousands of 
deaths and tens of billions of dollars in damage 
from droughts, fires and floods across several 
continents. Yet more than 15 years later, fore- 
casting the timing and intensity of El Nifio 
remains tricky, with incremental improve- 
ments in climate models threatened by the 
partial collapse of an ocean-monitoring sys- 
tem that delivers the data to feed those models. 

El Nifio often emerges during the North- 
ern Hemisphere summer and peaks around 
December; forecast models can do a reasonable 
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job of predicting its eventual strength by July, 
when the changes in ocean circulation that give 
rise to the weather pattern have become pro- 
nounced. But scientists are working feverishly 
to provide earlier forecasts, to allow govern- 
ments more time to prepare for potentially 
devastating weather patterns. 

In 1997, the emergence of a record-breaking 
El Nifio caught scientists by surprise, despite 
hints in wind and sea surface temperature data 
(see “Warming up’). The European Centre for 
Medium-Range Weather Forecasts in Read- 
ing, UK, was reluctant to issue early warnings 
because its forecast model was untested. And 
the model that had best predicted earlier El 
Nifios — developed by scientists at Columbia 
University’s Lamont-Doherty Earth Observa- 
tory in Palisades, New York — foresaw neutral 
conditions. 

“We were in the early days in forecasting,” 
says Michael McPhaden, an oceanographer 
at the US National Oceanic and Atmospheric 
Administration (NOAA) in Seattle, Washing- 
ton. “Now we are much more systematic.” 

This year, NOAA issued its first forecast on 
6 March, estimating a 50% chance that El Nifio 
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will develop this summer. But that early pro- 
jection, and others from weather agencies and 
research institutions around the world, comes 
with lots of uncertainty. Fickle tropical winds 
in spring can easily quash a brewing El Nifio 
— or strengthen it. 

Researchers say that real progress in 
forecasting has come from systematically com- 
paring the outputs of groups of models, with 
each simulation run under a range of possible 
climate conditions. “Combining these various 
predictions — doing some crowd-sourcing, if 
you will — tends to lead to more reliable pre- 
dictions,” says Gabriel Vecchi, a climate mod- 
eller at NOAAs Geophysical Fluid Dynamics 
Laboratory in Princeton, New Jersey. Averag- 
ing the results of several different forecasting 
models tends to cancel out flaws in an indi- 
vidual program, he says. 

The sensitivity of the simulations is also 
increasing. Global climate models divide 
the planet into grids, like a computer screen 
divided into pixels, and represent climate vari- 
ables such as temperature as averages in each 
cell. Modellers increase the resolution of their 
calculations by reducing the size of the cells. 


SOURCE: NOAA 


WARMING UP 


IN FOCUS | NEWS 


The US-Japanese TAO/TRITON array, a network of moored buoys in the Pacific Ocean, measures ocean 
temperature in the region where El Nifio forms. US budget cuts have hampered buoy maintenance, 
causing the array to partially collapse. This could make tracking a brewing El Nifo difficult. 
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The TAO/TRITON array 
monitors ocean temperatures 
down to 500 metres. 
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Trade winds that normally blow towards the west briefly reversed course in January and again in February, 
pushing warm surface water towards. South America, where El Nifios take shape. Similar conditions in early 
1997 helped to produce the most recent major El Nifio event. 


April 1997 
0) 


100 
200 
300 


Depth (metres) 


400 


500 
140° E 


180° 


140° W 


Vecchi’s lab, for example, has shifted its model 
from a grid with cells 200 kilometres across to 
one with cells 50 kilometres across, thereby 
increasing the number of cells by a factor of 
16. In theory, this allows for more-accurate 
representations of the microphysical processes 
and interactions that drive weather and ulti- 
mately climate. Forecasters also continuously 
fine-tune how they incorporate environmen- 
tal-monitoring data and represent complex 
interactions between air and ocean circulation. 

During the spring, when forecasting is 
most difficult, such improvements have given 
climate models based on physical processes 
a leg-up over less 
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estimate the likeli- 


hood that history will repeat itself. 

Almost all of this year’s initial forecasts 
suggest that a moderate to severe El Nifio or 
neutral conditions will emerge in coming 
months. None predicts El Nifios sister effect, 
La Nifia, in which upwelling currents from the 
deep ocean bring cooler waters to the surface 
off the Pacific coast of South America. 

In the coming weeks, scientists will watch 
to see if warm water continues to flow across 
the Pacific into the area off South America 
where El Nifio forms. But in a potential blow 
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to the ongoing effort to improve forecast 
accuracy, their ocean-temperature data will 
get progressively worse. A US-funded sys- 
tem of data-gathering buoys known as the 
Tropical Atmosphere Ocean (TAO) array has 
started to break down as a result of budget 
cuts that have hobbled its maintenance (see 
Nature http://doi.org/q72; 2014). NOAA has 
committed to restoring most of the system 
by the end of the year, but that aid will come 
months after crucial El Nifio forecasts are 
issued. Scientists will be forced to supplement 
the buoy data with satellite observations of 
water temperature and sea level, which can 
serve as proxies for the depth of the wave of 
warm water. 

The stakes are high. Since 1998, the east- 
ern Pacific has been in a cold phase that is 
associated with La Nifia-like conditions, but 
every 15-30 years, as part of a cycle known 
as the Pacific Decadal Oscillation, that trend 
flips. Kevin Trenberth, a climate scientist at 
the US National Center for Atmospheric 
Research in Boulder, Colorado, has theorized 
that a major El Nifo could help to push the 
ocean back into a warm phase, which studies 
have linked to more frequent El Nifios and 
more rapid global warming (see Nature 505, 
276-278; 2014). 

But all of that depends on what happens 
as warm water washes across the Pacific in 
the next couple of months. “The system is 
primed,” says Trenberth. “Will it wimp out or 
really take off?” m 
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EPIDEMIOLOGY 


Epigenomics starts 
to make its mark 


Analysis of chemical patterns on DNA shows promise for 
explaining disease, but few results have yet been replicated. 


BY EWEN CALLAWAY 


besity may be written not only in the 
genes, but also on top of them. 
One of the largest studies so 


far to probe the human epigenome — 
the collective name for the patterns 


of chemical groups that adorn DNA ( 


sequences and influence their activity — 
has found some tags that are linked to 
differences in body mass index (BMI). 

Chemical alterations in a gene thought 
to be involved in metabolism were iden- 
tified in the blood and fat cells of more 
than 2,500 people’, scientists reported last 
month. The work, led by Nilesh Samani at the 
University of Leicester, UK, is part of an emerg- 
ing line of research that is probing disease 
through epigenome-wide association studies 
(EWAS). Those in the field hope that because 
many epigenetic changes are influenced by the 
environment, such studies will reveal mecha- 
nisms of disease that have remained elusive. 
However, many scientists remain sceptical. 

EWAS take their inspiration from genome- 
wide association studies (GWAS), which 
compare genetic variations in ill and healthy 
people to identify variations associated with 
disease. EWAS do the same for the epigenome. 
They look at differences in the distribution of 
methyl groups at thousands of specific DNA 
nucleotides across the genome to identify 
arrangements that are common in a disease, 
or associated with variation in a trait. 

Methylation — the addition of methyl 
groups — tends to suppress the activity of 
genes. It is important in development, when it 
helps to guide the differentiation of embryonic 
stem cells into specialized tissues by orches- 
trating the expression of genes. But it also 
occurs in response to environmental changes, 
and these gene modifications may be inher- 
ited. They may also contribute to conditions 
such as cancer and type 2 diabetes. 

Because epigenetic alterations can occur 
over a person's lifetime, they could offer clues 
about the biology of diseases that genetics 
cannot. Many of the common genetic variants 
associated with disease that have been iden- 
tified by GWAS have failed to explain fully 
why one person develops a condition and 
another does not. “Originally we were told that 
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A methyltransferase enzyme (blue) adds chemical 
groups to DNA (pink), altering gene expression. 


common genetic variants would explain com- 
mon diseases, and that’s turned out largely not 
to be the case,” says Andy Feinberg, director of 
the Center for Epigenetics at Johns Hopkins 
University in Baltimore, Maryland. “The envi- 
ronment is extremely important, and we pay 
almost no attention to it in biology.” 

But many scientists say that the field of 
EWAS, which is less than a decade old, has yet 
to show that it can yield real insight. “The prob- 
lem with EWAS is that there’s so much more 
that can confound an outcome compared with 
a GWAS,’ says John Greally, an epigeneticist at 
Albert Einstein College of Medicine in New 
York. For instance, epigenetic alterations vary 
drastically between cells of the same tissue, 
and it can be difficult to determine whether an 
alteration is a cause or consequence ofa disease. 

Accounting for differences between cells may 
be the field’s biggest bugbear. Most EWAS have 
been conducted in blood cells, because blood 
is easy to collect. But it is also made up of many 
cell types, with varying epigenetic profiles. A 
study published in February’, for instance, 
found that epigenetic signatures thought to 
result from ageing instead reflected the chang- 
ing proportions of blood cell types with age. 

“We have to distinguish how much of the 
differences between two individuals is due 
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to differences in 
DNA methylation 
pattern or to differ- 
ences in cell composi- 
tion,’ says Karin Michels, 
an epigenetic epidemiolo- 
gist at Brigham and Women's 
Hospital in Boston, Massachu- 
setts. Efforts to catalogue 
the epigenomes of myriad 
tissues, such as the Human 
Epigenome Project, should help 
to make those distinctions (see 
Nature 463, 596-597; 2010). 

And although some researchers 
contend that epigenetic alterations in 
certain blood cells can provide a win- 
dow onto changes in other tissues — the 
BMI study found similar changes in blood and 
in fat — others disagree. 

Stephan Beck, a medical genomicist at Uni- 
versity College London, thinks that epigenomic 
epidemiology is at the same stage genomic 
epidemiology was at eight years ago, when 
most studies were small and rarely identified 
the same genetic variants for any one disease. 
That changed in 2007, when the Wellcome 
Trust Case Control Consortium, an effort by 
research groups to identify genetic variants 
linked to common diseases, set standards for 
GWAS that emphasized the importance of 
large numbers of patients and reproducibility. 

Beck sees signs that EWAS are headed in the 
same direction. For example, in the past few 
years several studies have reproduced the find- 
ing that a gene called AHRR is epigenetically 
modified in the blood cells of adult smokers’ 
and their newborn children*. And some epige- 
nome studies — including the BMI research’ — 
now verify discoveries made in one group of 
patients in separate cohorts of the same study. 

The pay-off for getting such studies right 
could be new therapies and insight into disease. 
“Epigenomics is a challenge,” says Michels, 
“but I don't think we can afford to ignore it.” = 
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The immune system can be a powerful weapon against cancer — 
but researchers are still grappling with how to controlit. 


he first tumour was a small melanoma on the 
left side of attorney Mark Gorman’s neck. Doc- 
tors removed it, and assured him that the cancer 

was gone. 
But eight years later, in 1998, a physician felt Gorman’s 
abdomen during a routine physical examination, arched an 
eyebrow, and asked ifhe had become a heavy drinker. The melanoma 
had spread to Gorman’s liver, seeding an inoperable beast of a tumour 
that wrapped around the inferior vena cava carrying blood to his heart. 

People with advanced melanoma typically live for just six to ten 
months after diagnosis. But Gorman, then 49, had little patience for the 
doctors advising him to get his affairs in order. When his sister told him 
about a drug called interleukin-2 (IL-2) that was being used together 
with chemotherapy against melanoma at a hospital in Colorado, he 
travelled from his home in Silver Spring, Maryland, to give it a try. 

IL-2 is a protein produced by white blood cells called T cells during 
an immune response. Taking high doses of it sends T cells into over- 
drive, making them more likely to recognize and attack cancer cells. 
Gorman was treated, and remains cancer-free 15 years later. “Some 
doctors say my immune system is really smart,” he says. “I just know 
Tm lucky,’ 

The drug that saved Gorman’s life was the first treatment approved 
by the US Food and Drug Administration (FDA) to fire up the immune 
system's response to cancer — a technique known as immunotherapy. 
After that 1992 approval, researchers and pharmaceutical companies 
spent years trying to develop new immunotherapies that could produce 
success stories like Gorman’. But those attempts failed to live up to 
their promise in the clinic, leading to decades of frustration. 

Now the tide seems to be turning. Clinical-trial successes in the past 
five years suggest that a new generation of approaches has potential 
against several forms of cancer that resist conventional treatments. 
Some analysts predict that in the next ten years, immunotherapies will 
be used for 60% of people with advanced cancer, and will comprise 
a US$35-billion market. “It is kind of crazy; says Cary Pfeffer, chief 
executive of Jounce Therapeutics, a company specializing in cancer 
immunotherapy in Cambridge, Massachusetts. “This field has become 
so crowded. It’s frenzied.” 

But the sobering experience with earlier drugs has made many 
researchers and clinicians cautious. Despite its potential for miracles, 
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IL-2 produces complete remission in only around 6% of 
people with melanoma. The treatment kills as many as 
2% of recipients. Researchers are now racing to find ways 
to boost the number of patients who respond to immunotherapy and 
to reduce the dangerous side effects. “The good news — and the bad 
news — is that the immune system is incredibly powerful,” says Robert 
Tepper, chief medical officer at Jounce. 


CHECKMATE 

Cancer immunotherapy was born in 1891, when a New York surgeon 
named William Coley began injecting bacteria into patients’ tumours 
in the hope of triggering an immune response to the infection that 
would also attack the tumour. Physicians before him had noted mys- 
terious and rare cancer remissions following infections, and Coley was 
eager to harness that therapeutic power. 

It would not be so simple. Tumours wield many defences against the 
immune system's most powerful cancer-fighting weapon: T cells that 
hunt out and eliminate problem cells. Cancer cells disguise themselves 
and make it difficult for T cells to find them. Tumours also fend off 
immune attack by expressing proteins that suppress T cells in the sur- 
rounding environment. 

For decades, researchers chased the possibility of a vaccine that 
would alert the immune system to cancer cells. But those efforts have 
largely failed: the only FDA-approved therapeutic cancer vaccine is a 
complicated and costly therapy for prostate cancer. Whether it provides 
a significant benefit to patients is a matter of debate. 

The field turned a corner in 2011, when the FDA approved a new kind 
of immunotherapeutic drug. Yervoy (ipilimumab) binds to and blocks a 
‘checkpoint’ protein called CTLA-4, which normally acts as a brake on 
the immune system by preventing T-cell activation. Checkpoint proteins 
keep the cells in check so that they do not attack normal tissue. When 
Yervoy releases the brake, T cells are free to destroy tumours. 

Like IL-2, Yervoy can bring long-lasting responses. Some partici- 
pants in the original trials have been in remission for 13 years, says 

James Allison, a cancer immunologist at the Uni- 


> NATURE.COM versity of Texas MD Anderson Cancer Center in 
Tohearmoreabout Houston. But those clinical cures occur in just a 
immunotherapy, see: small fraction — about 8% — of patients. And 
go.nature.com/ngaxbs © although Yervoy can rouse T cells to battle against 


© 2014 Macmillan Publishers Limited. All rights reserved 


ILLUSTRATION BY BRENDAN MONROE 


cancer, sometimes the cells attack healthy tissue, too. Of the 540 people 
who took Yervoy in the largest trial, up to 15% experienced serious side 
effects and seven died of immune-related events. Some oncologists 
prefer to steer clear of the drug, says Suzanne Topalian, a melanoma 
researcher at Johns Hopkins University School of Medicine in Balti- 
more, Maryland. 

Still, the promising aspects of Yervoy established the potential of 
checkpoint inhibitors — drugs that block checkpoint proteins — and 
that has prompted researchers to look at other potential target proteins. 
By the time Yervoy was approved, some investigators had begun to focus 
on PD-1, a checkpoint protein that some cancers use to deactivate the 
phalanx of T cells that surrounds the tumour. 

Because PD-1 interacts directly with cancer cells, unlike CTLA-4, its 
inhibitors have the potential to be more potent and less toxic. Early clinical 
trials suggest that this is the case. A leading PD-1 inhibitor — nivolumab, 
made by New York’s Bristol-Myers Squibb — shrinks tumours in 28% of 
people with advanced melanoma. The FDA is expected to issue a decision 
on whether to approve it by early 2015, if not sooner. 

Hopes are high that, although there are some side effects, the new 
drugs will be less toxic than Yervoy. Some people notice no problems 
at all. “Many patients say, ‘Doc, are you even giving me anything?” says 
Antoni Ribas, a melanoma specialist at the University of California, Los 
Angeles, who has participated in trials of PD-1 
inhibitors. “Then the tumours start disappear- 
ing, and they know.” 

Researchers want to push immunothera- 
pies even further. “We wish response rates 
were higher than what we currently have,” 
says Michael Postow, an oncologist and cancer 
researcher at Memorial Sloan Kettering Cancer 
Center in New York. Inhibitors of other check- 
point proteins are trickling into clinical testing 
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and clinicians may one day match patients with the inhibitors most 
likely to act on the proteins expressed by their own cancer cells. 

For other patients, the challenge may be in attracting T cells to the 
tumour in the first place. PD-1 inhibitors do not accomplish this — 
they simply remove the shackles from T cells already amassed at the 
tumout's edge, says Daniel Chen, head of immunotherapy development 
at Genentech in South San Francisco, California, a subsidiary of the 
Swiss pharmaceutical giant Roche. “Some patients just seem to have 
no existing immune response to start with,” he adds. “So then we need 
to add something that will generate that response” 


BETTER TOGETHER 

The key to attracting T cells is to create an ‘inflamed’ tumour using 
combinations of therapies, says Postow. Yervoy and PD-1 inhibitors 
are already in clinical trials with each other and a range of other treat- 
ments intended to alert T cells to the cancer. Radiation, for example, 
breaks open cancer cells and releases antigens, molecules that can trig- 
ger immune responses. In another approach, researchers alert a patient's 
immune system with experimental cancer vaccines containing proteins 
that are overexpressed by tumour cells. “The future is clearly combina- 
tion therapy,’ says Anthony Marucci, chief executive of Celldex Thera- 
peutics in Hampton, New Jersey. 

Eventually, checkpoint inhibitors could also be 
combined with a form of immunotherapy called 
adoptive T-cell transfer. This is a personalized treat- 
ment in which physicians isolate T cells from patients 
and select those that react to cancer. They then mul- 
tiply the T cells and stimulate them with molecules 
such as IL-2 before injecting them back into the 
bloodstream. Trials of this method led by tumour 
immunologist Steven Rosenberg at the National 
Cancer Institute in Bethesda, Maryland, have shrunk 
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CHECKPOINT INHIBITOR DRUGS 


‘Checkpoint’ proteins block T-cell activity. Inhibitor drugs can 
release the brakes on T cells at different stages. 


Several methods are showing promise 
in helping immune sentinels called 
T cells to attack cancer. 
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PD-1 
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The CTLA-4 checkpoint protein 
prevents dendritic cells from priming 


T cells to recognize tumours. 
Inhibitor drugs block the checkpoint. 


The PD-1 checkpoint protein 
prevents T cells from attacking 
cancer cells. The inhibitor drug 
allows T cells to act. 


T cells are isolated 
from patients. 


T-CELL TRANSFER 


T cells are stimulated or 
modified to recognize 
tumours. 


tumours in more than half of people with advanced melanoma receiving 
the treatment, with 20% experiencing complete remission. 

A newer form of T-cell transfer promises to broaden its reach to 
other cancers, by engineering extracted T cells to express an artificial 
tumour-targeting receptor called a chimaeric antigen receptor (see 
‘Immune boost’). A trial using T cells engineered to target B cells wiped 
out cancer in 14 of 16 people with acute leukaemia (M. L. Davila et al. 
Sci. Transl. Med. 6, 224ra25; 2014). 

But technical challenges have limited the spread of T-cell transfer 
therapies. Only a handful of academic medical centres have performed 
the procedure so far. “After our initial results, we were besieged with 
melanoma patients,” says Rosenberg. “We couldn't possibly treat all 
the patients sent to us.” 

Since those early days, researchers have simplified and standardized 
protocols. That, plus the remarkable results in leukaemia, has lured 
industry investors. Novartis, based in Basel, Switzerland, has bought a 
facility in New Jersey to process T cells extracted from patients around 
the United States. The facility will be key to the company’s plans to 
expand its clinical trials to more sites this year. Smaller firms are fol- 
lowing suit. In early 2015, Kite Pharmaceuticals in Santa Monica, 
California, hopes to launch a multicentre trial of adoptive T-cell trans- 
fer in a form of lymphoma that kills around 37% of patients within five 
years of diagnosis. 


THE TRUE TARGET 

Another big challenge for adoptive T-cell transfer is to broaden its 
reach by finding new molecular targets that will guide T cells to specific 
tumour types while sparing healthy cells. The approach works well in 
leukaemia and other cancers that affect B cells, another class of white 
blood cell, because researchers can engineer T cells to target a protein 
called CD19, which is found only on B cells. Although the treatment 
wipes out healthy B cells in addition to the cancerous ones, patients can 
tolerate that side effect relatively easily. But finding a similar target for 
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solid tumours, which are less uniform than liquid tumours, has been 
difficult. “Tt’s a major limiting step,” says Ribas. “We're all excited about 
CD19, but it’s not clear what the next target will be.” 

Researchers are mining growing databases of gene expression to 
find the best candidates. But firing up immune responses to specific 
proteins can be dangerous: a few years ago, four patients died in tri- 
als of T cells engineered to attack cells expressing a protein called 
MAGE-A3. This protein is expressed only in embryos and in some 
cancer cells in adults, so it seemed an ideal target. But researchers later 
learned that the T cells attacked similar proteins present in the heart 
and brain. “These T cells are professional killers, says Arie Belldegrun, 
chief executive at Kite. “If their target is expressed even in minute 
quantities on normal cells, these super killers are going to find those 
cells and destroy them.” 

In response to the deaths, ImmunoCore, an immunotherapy 
company based in Abingdon, UK, developed new bioinformatic meth- 
ods to search for signs that any possible T-cell target could be expressed 
in normal tissue. The company also began to do its initial safety test- 
ing in three-dimensional cell cultures that better reflected the cells’ 
natural environment. This approach has led to a collection of more 
than 20 potential targets for various cancers. Michel Sadelain, a cancer 
geneticist at Memorial Sloan Kettering, hopes to engineer T cells that 
target two proteins, both of which would have to be expressed on a cell 
for the T cells to destroy it. The idea, he says, is that the chance that a 
healthy cell will have both targets on its surface will be slim. 

Finding more targets could help immunotherapy to reach more types 
of cancer. So far, researchers have focused on melanoma and kidney 
cancer because they responded best to immunotherapies in early tri- 
als, and are thought to be particularly visible to the immune system. 

Rosenberg says he is working on 11 clinical trials testing adoptive 
T-cell therapies against a variety of cancers, including a particularly 
lethal and rare form called mesothelioma. The door to much wider 
applications for cancer immunotherapies opened in 2012, when results 
showed that the checkpoint inhibitor nivolumab shrank tumours in 
18% of people with certain types of advanced lung cancer (S. L. Topa- 
lian et al. N. Engl. J. Med. 366, 2443-2454; 2012). Because lung can- 
cer is one of the world’s most prevalent forms of cancer, the results 
raised hopes that immunotherapy could make a sizeable dent in cancer 
deaths. “This was a cancer that we thought was not immunogenic,” says 
Ribas, who notes that both Yervoy and IL-2 failed to shrink lung-cancer 
tumours. “We thought immunotherapy wouldn't have a chance.” 

Some cancers, including liver cancer, may still pose a challenge to 
immunotherapy approaches, says Lisa Butterfield, a cancer researcher 
at the University of Pittsburgh in Pennsylvania. The liver processes 
pathogens and antigens in the blood, and the immune system is care- 
fully controlled there to avoid prompting reactions that would target 
an individual’s normal cells. Breast, colorectal, pancreatic and ovarian 
cancers are also particularly adept at suppressing immune cells. Combi- 
nation therapies may provide a way around these limitations, she says. 

Combination therapies may also be the salvation of the cancer- 
vaccine concept. Although the vaccines tested thus far have fared 
poorly, they may work synergistically with other immunotherapies, 
says Willem Overwijk, a cancer researcher at MD Anderson. 

After so many years of disappointing results, the growing excite- 
ment over immunotherapy has surprised many cancer researchers and 
families touched by the disease. Since his own remarkable recovery, 
Gorman has mourned again and again as friends he made at melanoma 
support groups succumbed. Then, a few years ago, he had a new expe- 
rience: a close friend was given Yervoy, and went into full remission. 

As for his own melanoma, Gorman goes for scans to look for new 
tumours every two years. In February, he noted that it might be time 
to schedule his next set of scans. But he wasn't sure — he had stopped 
fearing his cancer’s return years ago. “I’m a cool cucumber now,” he 
says. “My immune system has it under control.” m 


Heidi Ledford reports for Nature from Boston, Massachusetts. 
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After years of work in the Antarctic, John Kovac 
and his team have captured strong evidence for a 
long-held theory about the Universe’s birth. 


BY RON COWEN 


he taxi ride across Cambridge 
normally takes just 15 minutes. 
But on 10 March, astronomer 
John Kovac had a momentous 
secret to share and wanted to 
avoid being spotted by report- 
ers or scientific rivals. So he left his office at the 
Harvard-Smithsonian Center for Astrophys- 
ics a few minutes early, and directed his driver 
to drop him outside the Center for Theoreti- 
cal Physics at the Massachusetts Institute of 
Technology (MIT). That left him time to walk 
around the back of the building and climb 
a little-used staircase that led straight to the 
third-floor office of cosmologist Alan Guth. 

Back in 1980, Guth had proposed an idea 
that was both startling and appealing. Dur- 
ing the first tiny fraction of a second after 
the Big Bang, he had theorized, the Universe 
underwent ‘inflatior: a process of ultra-rapid 
expansion that took it from subatomic size to 
a scale so vast that no one will ever see it all. 
Because the inflation hypothesis posited that 
far-flung regions of the Universe had started 
off close together, it solved several enduring 
cosmological puzzles, including why distant 
reaches of the Universe look almost identical. 
Indeed, most cosmologists believed that infla- 
tion, or something very much like it, must have 
happened. Yet for more than three decades, the 
theory had lacked definitive proof. 

Now, Kovac told Guth, proof seemed to 
be in hand. Kovac was principal investigator 
of a team that had spent 2010 to 2012 moni- 
toring the skies over the South Pole with an 
ultra-sensitive microwave receiver known as 
BICEP2. By outfitting BICEP2 with the micro- 
wave equivalent of polarizing sunglasses, they 
had been able to detect subtle patterns in the 
microwave afterglow of the Big Bang. These 
patterns were the faint imprint of gravitational 
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waves — tremors in the fabric of space-time 
generated during inflation. And now, after 
painstakingly checking and rechecking those 
measurements, the team was set to make the 
results public in exactly one week’s time. 

The distribution and magnitude of the grav- 
itational waves, Kovac told Guth, were just as 
predicted by the theory of inflation. 

Guth grilled Kovac for an hour and a half, 
going over the team’s draft paper line by line 
to verify the results. At the end of the meet- 
ing, Guth was convinced. “This is a wonderful 
result,” he said later — an “incredibly strong 
piece of evidence for inflation.” 

The news was announced to the world 
in a headline-making press briefing at the 
Center for Astrophysics on 17 March. Every- 
one involved was well aware that the finding 
came from just one group, and still needed 
independent confirmation. Nonetheless, the 
thoughts of many in the field were voiced by 
Marc Kamionkowski, a cosmologist at Johns 
Hopkins University in Baltimore, Maryland, 
who was one of the first to predict the gravita- 
tional-wave imprint detected by BICEP2. After 
the briefing, he told reporters: “To me, this is 
as Nobel-prize-worthy as it gets.” 

But for the 43-year-old Kovac, one of the 
most gratifying aspects of the day was that 
two of the founders of inflationary cosmol- 
ogy — the 67-year-old Guth and 66-year-old 
Andrei Linde of Stanford University in Califor- 
nia — were watching from the audience. “It’s a 
rare thing in science that the originators of the 
theory are around when testable consequences 

are actually searched for 


D> NATURE.COM and ultimately found,” 
Learn more about Kovac says. That is why 
the B-mode he had taken time away 
discovery at: from the team’s fever- 
go.nature.com/lruz8e ish pre-announcement 
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preparations to make the clandestine trip to 
see Guth at MIT. “We both realized it would 
be an important moment,’ he says. 


BACK TO THE BEGINNING 
Mention the prospect of a Nobel prize to 
Kovac, however, and he politely but firmly 
changes the subject. “I just think about the 
work,” he says. It is a subject he talks about 
earnestly and methodically, while fixing his 
listener with a piercing blue-eyed stare. 

It took that kind of intensity to detect the 
imprint of gravitational waves in the Big 
Bang’s afterglow — known more formally as 


RICK FRIEDMAN 


the cosmic microwave background (CMB). 
The BICEP2 researchers had to measure tem- 
perature variations in the CMB as small as one 
ten-millionth of a kelvin. They had to detect 
the ever-so-slight polarization in the radiation, 
and how that varied with position. They had 
to isolate ‘B modes’: swirling patterns in the 
polarization that can be caused by gravitational 
waves. And they had to be extremely careful 
to make sure that the B modes they saw were 
actually in the CMB, and not caused by other 
things such as interstellar dust. 

“It’s been an emotional roller coaster,” says 
Kovac, thinking back over his team’s efforts 


to determine that their signal was real. They 
had to be especially rigorous when they real- 
ized that the strength of their B-mode signal 
was about twice that extrapolated from non- 
polarization results reported last year from the 
European Space Agency's Planck spacecraft. 
The BICEP2 team eventually decided to go 
with its own data — but the discrepancy is still 
not fully understood. 

Adding to the pressure was the threat of 
being scooped by several other teams that 
were racing to find the polarization signal. 
Kovac and his collaborators had to keep their 
results secret even from their close companions 
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working on the South Pole Telescope, which 
stands just metres from BICEP2. “We eat meals 
with them all the time,” says Kovac. “We're 
friends. We party together.’ In fact, the team 
working on that telescope is led by Kovac’s for- 
mer thesis adviser, John Carlstrom of the Uni- 
versity of Chicago in Illinois. “Tve been dying to 
talk with John about this,” says Kovac. “But pro- 
fessionally, we all know how these things work” 

Despite the urgency, Kovac was a perfec- 
tionist about the analysis. But finally, he called 
a team meeting at the South Pole in early 
December 2013, laying out all the tests the 
data had passed and the milestones still to be 
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achieved. If the data held up, he told his group, 
the team was ready to publish. It was an intense 
meeting because so much was at stake, recalls 
Kovac. But, he says, “my role in this process has 
been to remain calm at all times”. 

Kovac learned this cool, systematic approach 
to problems from his father Michael, a former 
dean of engineering at the University of South 
Florida in Tampa, who died two years ago. “My 
dad was an amazing guy and full of wisdom on 
how to lead teams, how to organize efforts in 
science,’ says Kovac; he still has trouble talking 
about his father without choking up. 

It was Michael Kovac who guided John into 
science. From the time he could talk, Kovac 
says, he was always asking questions. “My dad 
was able to feed that by answering every ques- 
tion that I asked him about how the world works 
in a way that explained to me what I wanted to 
know and led me to another question” 

When Kovac was nine, he became fascinated 
by the integrated circuits his father had been 
studying. “John never met a machine he didnt 
want to take apart and find out how it worked? 
recalls his mother, Midge. He built a simple 
calculator from parts his father had brought 
home from work. Then at the age of ten, he 
graduated to building a half-a-million-volt 
van de Graaff generator. “It was fun to zap all 
my friends at birthday parties,’ he says. 

Another strong influence was Lottie Peter- 
son, a science teacher at his elementary school. 
Peterson had studied at the University of Chi- 
cago during the tenure of Enrico Fermi, the 
Nobel-prizewinning particle physicist. “She 
was able to tell me stories that captivated me 
about what it really meant to do physics at 
those high levels,’ says Kovac. Peterson also 
gave Kovac’s family a telescope that he set up 
behind his house. 

By the time Kovac entered secondary 
school, he was determined to be a scientist. 
After reading every cosmology book in the 
school library within the first year, he asked 
for more. Among them was Steven Weinberg’s 
1977 account of the moments that followed 
the Big Bang, The First Three Minutes: A Mod- 
ern View of the Origin of the Universe (Basic 
Books). Here, Kovac encountered Weinberg’s 
description of the CMB: “a diffuse back- 
ground of radio static left over from near the 
beginning of the universe.” 

Kovac was hooked on exploring the CMB 
and the clues it held. “As a kid, it seemed clear 
to me that this was the coolest thing in all of 
science — there are no bigger questions.” 

Kovac chose to go to Princeton University 
in New Jersey in part because some of the 
major players in the field of CMB astronomy 
were there. By a stroke of luck, he says, he was 
assigned a work-study job with one of those 
researchers, astronomer David Wilkinson, in 
a group that was planning to build a telescope 
at the South Pole to search the apparently uni- 
form CMB for regions that were ever so slightly 
hotter or colder. These temperature variations 
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John Kovac and Sarah Kernasovskiy work on part 
of the Keck Array at the South Pole. 


would signal the existence of fluctuations in 
the density of the rapidly cooling masses of 
hydrogen and helium that came out of the Big 
Bang. Measuring them was tantamount to see- 
ing the ‘seeds’ that would eventually contract 
—asa result of gravity — to form the galaxies 
and clusters of galaxies seen today. 

This prospect so captivated Kovac that he 
took a year out from university to join the 
team in Antarctica for the austral summer of 
1990-91. Wilkinson's group was soon beaten 
to the discovery of the first temperature fluc- 
tuations in the CMB by the team analysing data 
from NASA's Cosmic Background Explorer 


"AS A KID, IT SEEMED 
CLEAR TO ME THAT THIS 
WAS THE COOLEST THING 

IN ALL OF SCIENCE.” 


satellite. But within a year, the Princeton 
group’s South Pole instrument detected the 
fluctuations, too, and Kovac was hooked once 
again. In the years since, he has made a further 
22 visits to the South Pole, often stopping over 
in New Zealand en route to indulge his hobby 
of mountain-climbing in the nation’s Southern 
Alps. On one occasion, he stayed at the South 
Pole for the entire southern winter, a nine- 
month interval when planes are typically not 
permitted to fly to the Antarctic because of the 
dangers posed by the extreme cold. 

Kovac is the only principal investigator in 
the field of CMB astronomy who has ‘wintered 
over, says BICEP2 telescope engineer Steffen 
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Richter. And because of that experience, Rich- 
ter adds, “he knows the telescope down to the 
last screw; whatever the problem is, if you get 
his attention and he starts focusing on it, you 
can solve it with him in very little time”. 

During his years as a graduate student under 
Carlstrom, Kovac’s Antarctic trips included 
work on the Degree Angular Scale Interfero- 
meter: an array of radio telescopes that the 
group used to make the first detection of CMB 
polarization in 2002. “I think the world of 
John,” says Carlstrom. “He never really needed 
advising” 

Later, as a postdoc and then a senior fellow 
at the California Institute of Technology in 
Pasadena, Kovac worked in Andrew Lange’s 
laboratory on highly sensitive polarization 
detectors for the QUAD and BICEP1 radio 
telescopes, which were also based at the South 
Pole. “Andrew was an inspiration and a close 
friend; says Kovac. “He entrusted me with a 
huge amount of responsibility, encouraging me 
to take charge of the deployment and operation 
of the BICEP1 telescope and then to step into 
the role of leader of BICEP2.” 

On his bookshelf, Kovac keeps a picture of 
the late Caltech astrophysicist, who in 2010 lost 
his battle with depression and committed sui- 
cide. After Lange’s memorial service, Kovac had 
a meeting with the three other key researchers 
on the BICEP2 project — Clement Pryke of the 
University of Minnesota in Minneapolis, Jamie 
Bock of NASAs Jet Propulsion Laboratory in 
Pasadena and Chao-Lin Kuo of Stanford. The 
four agreed to take an equal share in running 
the team’s South Pole programme, which has 
now upgraded BICEP? into a five times more 
sensitive detector known as the Keck Array, 
and which will next year add an equally sensi- 
tive telescope called BICEP3 that will measure 
the CMB polarization at a different wavelength. 
Bock believes that such shared leadership is 
unique among CMB projects. “I feel our deci- 
sions are always better than what one single per- 
son would initially propose,’ he says, adding that 
the unusual arrangement “works for us because 
we respect and trust each other” Indeed, at the 
17 March press briefing, all four scientists took 
turns presenting the BICEP2 findings. 

The next day, at MIT, Linde addressed a 
packed lecture hall, giving the first talk on 
the theoretical implications of the BICEP2 
results. Afterwards, Guth reminded the audi- 
ence that just as the theory of inflation rests on 
the shoulders of others such as Newton and 
Einstein, the experimental techniques used by 
the BICEP2 team members depended on great 
developments in technology made by those 
who came before them. 

Then, as cups of bubbly cider were poured, 
Guth proposed a toast: “To the power of sci- 
entific reasoning!” Kovac and the rest of the 
audience cheered. » 


Ron Cowen is a freelance writer in Silver 
Spring, Maryland. 
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Fifty years after 
Homo habilis 


Bernard Wood explains why the announcement of 
‘handy man’ in April 1964 threw the field of hominin 
evolution into a turmoil that continues to this day. 


alfa century ago, the British-Kenyan 
Hirstsntocias Louis Leakey 

and his colleagues made a contro- 
versial proposal: a collection of fossils from 
the Great Rift Valley in Tanzania belonged 
to a new species within our own genus’. The 
announcement of Homo habilis was a turn- 
ing point in palaeoanthropology. It shifted 
the search for the first humans from Asia to 
Africa and began a controversy that endures 


to this day. Even with all the fossil evidence 
and analytical techniques from the past 
50 years, a convincing hypothesis for the 
origin of Homo remains elusive. 

In 1960, the twig of the tree of life that 
contains hominins — modern humans, 
their ancestors, and other forms more closely 
related to humans than to chimpanzees and 
bonobos — looked remarkably straight- 
forward. At its base was Australopithecus, 
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The foot of the apeman that palaeo- 
‘handy man’, anthropologists had been 
Homo habilis, | recovering in southern 


Africa since the 1920s. This, 
the thinking went, was replaced by the taller, 
larger-brained Homo erectus from Asia, which 
spread to Europe and evolved into Nean- 
derthals, which evolved into Homo sapiens. 
But what lay between the australopiths and 
H. erectus, the first known human? 


BETTING ON AFRICA 

Until the 1960s, H. erectus had been found 
only in Asia. But when primitive stone-chop- 
ping tools were uncovered at Olduvai Gorge 
in Tanzania, Leakey became convinced that 
this is where he would find the earliest stone- 
tool makers, who he assumed would belong to 
our genus. Maybe, like the australopiths, our 
human ancestors also originated in Africa. 

In 1931, Leakey began intensive prospect- 
ing and excavation at Olduvai Gorge, 33 years 
before he announced the new human species. 
Now tourists travel to Olduvai on paved roads 
in air-conditioned buses; in the 1930s in the 
rainy season, the journey from Nairobi could 
take weeks. The ravines at Olduvai offered 
unparalleled access to ancient strata, but field- 
work was no picnic in the park. Water was 
often scarce. Leakey and his team had to learn 
to share Olduvai with all of the wild animals 
that lived there, lions included. 

They found the first trace of the poten- 
tial toolmaker, two hominin teeth, in 1955. 
But these were milk teeth, which are not as 
easy to link to taxa as permanent teeth. The 
team’s persistence was rewarded in 1959, 
when archaeologist Mary Leakey, Louis’s 
wife, recovered the cranium ofa young adult. 
The specimen still boggles the mind because 
it is so strange: its small brain, large face, 
tiny canines and massive, thumbnail-sized 
chewing teeth were not at all like those of 
H. erectus. Its big molars earned it the nick- 
name ‘Nutcracker Man’. 

Because Nutcracker Man was found in the 
same layers as the stone tools, the Leakeys 
assumed that it was the toolmaker, despite its 
odd appearance. But when Louis announced 
the discovery, he was not tempted to expand 
the definition of Homo. That would have 
eliminated any meaningful distinction 
between humans and australopiths. Instead 
he erected a new genus and species, Zinjan- 
thropus boisei (now called Paranthropus » 
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COMMENT 


WHO WAS RELATED 
TO WHOM? 


Fifty years ago, the introduction of 
Homo habilis shook up views of our 
genus, and the classification of 
early Homo is still debated. 


Australopithecus africanus 


Some would lump all early 


Homo species into Homo 
erectus; others would split some 
into a new non-Homo genus. 


——— 
Gu Homo habilis 


Australopithecus garhi ™™ 
( ~=— Australopithecus afarensis 


4 million years ago (approx.) 


Australopithecus 
Australopiths 
walked upright, 
but were also 
adapted for 
climbing. 


Fossil discovered 1974. 


> boisei), to accommodate it (see ‘Who was 
related to whom?’). 

In 1960, Jonathan Leakey, Louis and 
Mary’s eldest son, found the lower jaw and 
the top of the head of a juvenile hominin. 
Dubbed Johnny’s Child, it very definitely did 
not belong to the same species as ‘Zinj, and 
the Leakeys began to suspect that it was the 
real toolmaker. 

Phillip Tobias, a palaeoanthropologist 
known for his work in South Africa, had 
already been recruited to analyse Zinj, so the 
Leakeys turned to him to analyse the juvenile 
cranium. John Napier, a specialist in hand 
anatomy (as well as sleight-of-hand magic 
tricks) was recruited to examine wrist and 
hand bones found with the skull. 

An adult foot was excavated along with 
Johnny’s Child, and three years later, a cra- 
nium with both the upper and lower jaw was 
uncovered, as was a very fragmented cranium 
with well-preserved teeth. Napier had already 
convinced himself that the juvenile hand 
bones were like those of modern humans. My 
PhD supervisor, Michael Day at the Univer- 
sity of London had come to the same conclu- 
sion about the foot. And Tobias was certain 
that neither the long crowns of the chewing 
teeth in the lower jaw nor the large brain case 
could belong to the australopiths known from 
southern Africa. 


HANDY HYPOTHESES 

Thus, in a paper published in Nature in 
April 1964 (ref. 1), Louis, Tobias and Napier 
made the case for adding the ‘handy man’ to 
the genus Homo as H. habilis. They argued 
that the Olduvai fossils met three key crite- 
ria set out in an influential 1955 definition 
of Homo’: an upright posture, a bipedal gait 
and the dexterity to fashion primitive stone 
tools. The team had to relax a brain-size 
criterion to accommodate the smaller brain 
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Homo habilis 
Remains of a 
foot and 
jawbone were 
judged too 
human-like for 
an australopith. 


boisei 


Homo. 


Fossil discovered 1964. 


(around 600 cubic centimetres) of H. habilis. 
The proposal was met with considerable 
scepticism. Some thought that the fossils were 
too similar to Australopithecus africanus to 
justify a new species. John Robinson, a lead- 
ing authority on australopiths, suggested that 
H. habilis was a mix of earlier A. africanus 
and later H. erectus bones. Other research- 
ers agreed that the species was new. Very few 
accepted that it was the earliest human. 

Subsequent finds shaped the debate. A 
crushed cranium (dubbed Twiggy) from 
the lowest strata at Olduvai nixed Robin- 
son's argument that H. habilis was a mix of 
an australopith and H. erectus. Another skel- 
eton indicated that H. habilis had a stronger 
and relatively longer (or more ape-like) upper 
limb than did H. erectus and its ilk. 

A handful of additional specimens from 
Ethiopia to South Africa have since been 
added to H. habilis; the biggest contribution 
to early Homo has come from Koobi Fora in 
Kenya. I have been involved with H. habilis 
for all but two of its 50 years, starting in 1966, 
when I analysed the ankle bone excavated 
alongside Johnny’s Child. Far from being like 
that of modern humans, the bone is a much 
better match for an australopith. Other fea- 
tures of H. habilis have also turned out to be 
less like those of modern humans than Louis 
and his team suggested. 

In the mid-1970s, Louis and Mary’s sec- 
ond son, Richard, offered me the challenge of 
making sense of the early Homo skulls, crania 
and jaws from Koobi Fora. It was a lonely task 
involving 15 years poring over australopiths 
and H. erectus fossils in museums around 
the world. It was tempting to focus on the 
better-preserved specimens, but more often 
than not it was a skull fragment here or a bro- 
ken tooth there that provided the key clues to 
making sense of the whole collection. 

Variation in the Koobi Fora fossils was not 
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a Australopithecus sediba 


Paranthropus 


Nutcracker Man, 

with its distinctively 
large jaws, is neither 
Australopithecus nor 


Fossil discovered 1959. 


Homo sapien ——— 


Homo heidelbergensi’ 
Homo antecesso) —_——_—_—__ 


Denisovans = 
; Homo floresiensis = 
Homo neanderthlen _—_—_— 


Homo ergaster/erectus 
Paranthropus boisei ‘ : 
Homo rudolfensis 


Present 


Later Homo 
Normal-sized 
later Homo 
species had 
larger brains, 
longer legs and 
smaller jaws. 


Fossil discovered 1909. 


so easily shoe-horned into a single species as 
those from Olduvai’*. I concluded that there 
were two distinct types of face within early 
Homo’, and so in 1992, I suggested that a sec- 
ond early Homo species, Homo rudolfensis, 
should be recognized’. Two decades later, a 
team led by palaeontologist Meave Leakey 
(Richard’s wife) confirmed’ the ‘two-taxon’ 
hypothesis I had proposed, using a face and 
two lower jaws found at Koobi Fora. But 
they — correctly, I believe — refuted my sug- 
gestion about which jaws went with which 
faces. As ever in palaeontology, new fossils 
test and refine old ideas. 


DRAWING THE LINE 
In 1999, British anthropologist Mark Collard 
and I looked’ afresh at the boundary between 
Homo and more-primitive hominins by 
focusing on features that hint at body size, 
posture, locomotion, diet and life history. 
For example, how long is the upper limb 
compared with the lower, or the forearm com- 
pared with the upper arm? Do molar teeth 
erupt early, as in apes, or form slowly and 
dawdle in the jaw, as in modern humans? All 
are attributes that help to reveal how an ani- 
mal makes its living and allocates its energy. 
Although H. habilis is generally larger than 
A. africanus, its teeth and jaws have the same 
proportions. What little evidence there is 
about its body shape, hands and feet suggest 
that H. habilis would be a much better climber 
than undisputed human ancestors. So, if 
H. habilis is added to Homo, the genus has 
an incoherent mishmash of features. Others 
disagree, but I think you have to cherry-pick 
the data* to come to any other conclusion. My 
sense is that handy man should belong to its 
own genus, neither australopith nor human. 
Beautifully preserved fossils from the 
Caucasus have now been added to the mix. 
Just last year, Georgian anthropologist 
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David Lordkipanidze and his colleagues 
reported’ their analysis of five hominin 
crania recovered from Dmanisi, a spectac- 
ular site on a promontory between two riv- 
ers in southern Georgia. They concluded 
that the range of shapes among these skulls 
equals or exceeds the variation across 
H. habilis, H. rudolfensis and H. erectus, and 
on that basis proposed that all H. habilis- 
like fossils be reassigned to H. erectus, 
subsuming three species into one. 

Even if you accept that their methods 
of data capture are sound — which I do 
not — I question their conclusions. Their 
method fails to distinguish between a dis- 
tinctive and large-brained Neanderthal 
cranium and one of the small-brained 
Dmanisi skulls, specimens that are sepa- 
rated by close to two million years of 
evolutionary history. They also take the 
overall shape of the head to be the arbiter 
of early hominin taxonomy, yet what sets 
H. habilis and H. erectus apart are many 
finer details, such as the size and shape 
of the inner ear, features of the hands 
and feet, the strength of long bones and 
life history. It is equally plausible that the 
Dmanisi fossils sample a hominin taxon 
that exhibits a hitherto unknown combi- 
nation of primitive (for example, a small 
brain) and derived morphology (for 
example, brow ridges). 

The ongoing debate about the origins 
of our genus is part of H. habilis’s legacy. 
In my view, the species is too unlike 
H. erectus to be its immediate ancestor, 
so a simple, linear model explaining this 
stage of human evolution is looking less 
and less likely. Our ancestors probably 
evolved in Africa, but the birthplace of 
our genus could be far from the Great Rift 
Valley, where most of the fossil evidence 
has been found. The Leakeys’ iconic dis- 
coveries at Olduvai Gorge should remind 
us of how much we dont know, rather 
than how much we do. = 


Bernard Wood is a palaeoanthropologist 
at George Washington University in 
Washington DC, USA. 

e-mail: bwood@gwu.edu 
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Apps to measure air quality proliferated in China following controversies with government statistics. 


Mobilize 
citizens to track 
sustainability 


Businesses and the public can keep watch when 
governments fail to provide environmental data, say 
Angel Hsu and colleagues. 


nited Nations negotiators are meeting 
in New York this week to shape up 


the Sustainable Development Goals 


(SDGs) that will replace the Millennium 
Development Goals (MDGs) after 2015. The 
scope of the SDGs — from providing uni- 
versal access to energy and water to ending 
poverty by 2030 — is being well articulated. 
But there has been little discussion about how 
countries will monitor that progress. 
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The variety of global environmental 
information that will be needed raises 
daunting challenges. Official data sets are 
not up to the task. We have found prob- 
lems with government-reported sources 
in nearly every global data set that we 
have used in 15 years of constructing 
the Environmental Performance Index 
(EPI) — a biennial ranking of how well 
countries are implementing policies > 
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> to address pressing environmental 
concerns (see epi.yale.edu). 

Government investments in environmen- 
tal monitoring, data collection and report- 
ing are patchy, and are influenced by limited 
budgets and political motivations. Govern- 
ments are notorious for underreporting fish 
catches’, for example, and have been criticized 
for using capricious definitions, such as of 
what constitutes ‘forest’. The global data sets 
that do exist are often incomplete, erratic or 
untrustworthy. Conspicuous reporting gaps 
compromise our understanding of most 
environmental problems, from toxic chemi- 
cal exposures, global recycling rates and wet- 
lands loss to freshwater quality, species loss 
and vulnerability to climate change. 

As a result, the data required to track 
progress towards SDG targets cannot come 
solely from governments or intergovern- 
mental organizations. UN negotiators must 
think more creatively about how to measure 
progress. We argue for channels by which 
citizen scientists, independent watchdogs, 
private-sector companies and third-party 
organizations can contribute data towards 
monitoring SDG progress and make gov- 
ernments more accountable. Without such 
independent monitoring, the extent of envi- 
ronmental challenges will not be captured, 
and SDG-related policies and management 
decisions risk being ad hoc. 


SENSING EARTH 

Because a pixel in one country is measured 
in the same way as one in another, satellite 
data will be invaluable in establishing base- 
lines and benchmarks for the SDGs. Global 
forest loss over the past decade has been 
tracked in more than 650,000 images from 
NASA's Landsat programme by researchers 
at the University of Maryland in College 
Park and by the Google Earth Engine plat- 
form, for example*. To estimate how much 
water countries have underground, NASA 
and the German Aerospace Center's orbiting 
Gravity Recovery and Climate Experiment 
are following changing aquifer levels*. 

Yet space imagery is rarely used in the 
public-policy sphere beyond a few appli- 
cations, such as land-use planning. Com- 
puting power and scale are two reasons. 
The global forest-loss calculations took the 
equivalent of 1 million processing hours on 
10,000 computers to process 20 terapixels of 
data — beyond the reach of most national 
statistical agencies. Many satellite-derived 
data sets are too coarse in resolution for local 
decision-makers to act on. Global climate 
data cannot help a mayor to understand how 
a city will be affected by rising temperatures. 

And politics gets in the way. In our 
experience, many governments ques- 
tion satellite data when comparisons 
between their countries and others are 
unfavourable or reveal weaknesses in their 
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statistical reporting systems. Other global 
environmental measurements such as 
ocean acidity, which are only beginning to be 
tracked consistently, will also be susceptible 
to political pressures. 

In January, we published an indicator 
based on global satellite-derived estimates 
of fine particulate air pollution in the 2014 
EPI (see go.nature.com/tftogi). The Indian 
government, which like many developing 
countries does not regularly release such 
data, was shocked. Government officials in 
New Delhi were quick to refute the sugges- 
tion that their air quality might be as bad as 
Beijing's, igniting a public debate. 

The misreporting of environmental data 
by governments is common. The New Zea- 
land government, for instance, which touts 
a “100% pure” slogan to burnish its ecotour- 
ism reputation, was revealed in 2007 to have 
altered some unfavourable conclusions 
of a State of the Environment report. The 
country has not released a comprehensive 
State of the Environment report since. After 
demands from citizens and debates in parlia- 
ment, legislation was introduced last August 
requiring that bodies independent from the 
government report on environmental condi- 
tions every six months and a compile synthe- 
sis report every three years. 


ENGAGING CITIZENS 

Enter citizens. They are increasingly 
contributing environmental measurements 
and geographical information, through social 
media, crowdsourcing and open-source 
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Students in Hong Kong test local water quality as part of the World Water Monitoring Challenge. 


databases such as OpenStreetMap, a free 
and editable map of the world. The World 
Water Monitoring Challenge, for exam- 
ple, encourages people to record their local 
water quality and share results (see www. 
worldwatermonitoringday.org). In 2012, par- 
ticipants made some 250,000 visits to sites in 
66 countries, recording parameters such as 
water temperature, pH and dissolved oxygen. 
Citizens even monitor plankton abundance in 
oceans (see www.playingwithdata.com) and 
donate spare computer time to run climate 
simulations (see www.climateprediction.net). 

User-generated sources can gather more 
data than any government agency could 
manage. Every day, people upload roughly 
100 terabytes of data to Facebook; send 
294 billion e-mails; and write 230 million 
tweets. Mobile-phone users send and receive 
1.3 exabytes of data and each household con- 
sumes 375 megabytes of data (see go.nature. 
com/fhzuqr). 

Watches, tablets or phones equipped with 
sensors could allow millions of citizens to 
monitor pollutants. Prototypes range from 
hand-held devices that can measure air and 
water quality (such as AirBot and WaterBot, 
developed by researchers at Carnegie Mellon 
University in Pittsburgh, Pennsylvania); an 
electronic ‘nose’ that can detect toxic sub- 
stances in the air; and sensors that can deter- 
mine nitrate levels in food. Such gadgets now 
need to be made cheaper and more readily 
available (the WaterBot is priced at US$99). 

Citizens can also track progress using 
smartphone apps. Since 2013, the Water 


WATER ENVIRONMENT FEDERATION 


Reporter app has allowed people in the 
Chesapeake Bay area in Maryland and 
Virginia to report local water pollution 
and other problems to local managers. 
SeeClickFix has since 2008 allowed city 
residents to report and track civic issues, 
from broken streetlights and fire hydrants 
to street crime. The app has addressed more 
than 800,000 requests in 170 cities and towns 
worldwide, including many in the United 
States, as well as Dublin and Buenos Aires, 
together representing 25 million people. 

Chinese citizens have already seen 
the power of public data collection. In 
2011, statistics from a monitor atop the 
US embassy in Beijing revealed that the 
air quality was much worse than govern- 
ment statistics claimed. The discrepancies 
led members of the public to monitor their 
own air quality, using backpacks, kites and 
smartphone apps, and a website charting 
the live results emerged. 

Yet user-generated and crowdsourced 
data have not been discussed for the SDGs 
(although the Rio+20 United Nations Con- 
ference on Sustainable Development piloted 
an online voting system for delegates). 


THIRD PARTIES 

Businesses, too, might be better poised than 
governments to collect environmental data. 
Coca-Cola, the beverage company, operates 
in almost every country. It requires more 
than 9 litres of water to generate $1 of reve- 
nue, so relies on accurate knowledge of water 
resources. Since 2004, the company has 
invested more than $1.5 million in record- 
ing and assessing surface and groundwater 
levels, stresses and drought severity. 

In 2011, the company teamed up with 
the World Resources Institute, an environ- 
mental think tank in Washington DC, to 
make its proprietary data publicly available 
through a web platform called Aqueduct. 
The company is keen to address criticisms 
of overextraction in water-stressed coun- 
tries such as India, one of Coca-Cola’s 
biggest growth markets. It also hopes to 
galvanize other businesses to evaluate their 
water impacts and to encourage govern- 
ment leaders in high-risk areas to manage 
water resources more efficiently, equitably 
and sustainably. 

Third-party organizations can also 
validate data. The researchers in the Sea 
Around Us Project at the University of 
British Columbia in Vancouver, Canada, 
for instance, regularly reconstruct fish- 
catch data. They have noted that the 
UN’s Food and Agriculture Organization 
underestimates the percentage of over- 
exploited and collapsed fish stocks, owing 
to its use of variable-quality government- 
reported data and its omission of data 
from other sources’. The resulting biased 
view of the status of the world’s fisheries 


could have disastrous consequences 
for global aquaculture and ocean health. 

In India, the Centre for Science and Envi- 
ronment, a non-profit research organization 
based in New Delhi, has added its independ- 
ent analysis to the capital’s air-quality debate. 
It remains to be seen whether the Indian 
public will follow China’s example and pres- 
sure the government for better air-pollution 
monitoring, or start monitoring pollution 
for themselves. 

The full potential for private-sector and 
non-government engagement has not been 
explored in the SDG negotiations. The most 
recent progress report states that “business 
should be part of the solution’, but only by 
encouraging “greater private sector uptake 
of sustainability reporting” A 2013 survey 
by financial services firm KPMG shows that 
71% of companies worldwide are already 
doing this®. The crucial question is how 
companies can be incentivized to share data. 


NEXT STEPS 
So, what now? First, SDG negotiators 
should clarify in the next few months 
the pivotal questions that better data 
can help to answer. What knowledge is 
required for countries to transition to a 
green economy, for example? What fac- 
tors define well-being in a society? Then 
they should consider 


“If Coca- how those data might 
Colacollects be crowdsourced and 
the best contemplate incen- 
global water tives for participa- 
data, then tion. A fund could be 
why not use created, for example, 
them?” through contributions 


from countries, private 
foundations and companies or through 
crowdfunding, that would reward the indi- 
viduals or institutions most capable of col- 
lecting needed data. 

The UN should consider new forms of 
collaborations. If Coca-Cola collects the best 
global water data, then why not use them to 
measure progress towards a global water 
SDG? If Google is best able to process vast 
amounts of satellite data, why not work with 
it and other scientists to develop algorithms 
to assess pressing environmental issues? 

To replicate the data-driven approaches 
to city management used by former New 
York City mayor Michael Bloomberg and 
Maryland governor Martin O’Malley, the 
UN should provide an online platform for 
cities to share relevant data on public safety, 
disaster preparedness and health. Individual 
innovators who invest in a low-cost technol- 
ogy to engage citizen scientists in data collec- 
tion for an SDG should be funded to share 
devices globally. 

Second, if citizens are to contribute data 
to the SDGs, protocols and guidelines must 
be established to protect individual rights 
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and privacy. Individuals should know how 
their data will be used and be assured that 
their privacy is maintained. A starting point 
for the international harmonization of pri- 
vacy laws is the Organisation for Economic 
Co-operation and Development’s Guidelines 
on the Protection of Privacy and Trans- 
border Flows of Personal Data. 

In places where information and 
communication technologies are still 
emerging, more can be done to equip peo- 
ple with affordable tools to participate 
equally in the data revolution. The SDG 
process could foster technology-transfer or 
funding mechanisms to provide citizens in 
developing countries with free or cheap per- 
sonal environmental monitoring devices or 
community-based systems. 

Last, negotiators must find ways to incen- 
tivize participation. Corporate or private 
sponsorship of new data streams (which 
might not sit well with some audiences 
who fear commercialization of the SDGs, 
or worse yet, could have competing private 
interests that may bias data) could support 
innovative sustainability-minded companies 
or individuals to share data. A transparent, 
centralized online ‘dashboard’ would make it 
easy for citizens, businesses and third-party 
institutions to contribute and share data. 
This could be administered by the UN Envi- 
ronment Programme, which countries at the 
Rio+20 Earth summit pledged to bolster. 

UN negotiators are running out of time 
to get the SDGs right. It is important to set 
appropriate targets for promoting sustain- 
able development. Meeting those targets 
will depend on how well we can track pro- 
gress, using the best data available, collected 
by the people and organizations best placed 
to do so. m 
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Free Indian science 


As elections begin in India, Mathai Joseph and Andrew Robinson call for an end to the 
stultifying bureaucracy that has held back the nation’s science for decades. 


next could be among the most important 

since it gained independence in 1947. 
After ten years of a largely indecisive and 
an often scandal-ridden coalition govern- 
ment, there are strident demands for better 
governance, economic reform, the promo- 
tion of manufacturing and improvements in 
agriculture, health care and environmental 
management. 

Sadly, science and its administration, once 
seen as central to Indian development, are 
not currently on the agenda, despite some 
trenchant critiques from scientists and 
science policy-makers'”. Repeated govern- 
ment promises to increase the expenditure 
on research and development (R&D) to 2% 
of India’s gross domestic product have not 
been kept. R&D spend remains at about 
0.9% of GDP — compared with 1.12% in 
Russia’ (down from 1.25% in 2009), 1.25% 
in Brazil and 1.84% in China’ (see ‘Brick 
benchmarking’). 

That said, the stagnation afflicting 


[= general elections this month and 
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Indian science is as much structural as it is 
financial. Before the machinery of govern- 
ment took over and mismanaged research 
in the mid-twentieth century, several foun- 
dational scientific discoveries were made 
in India. Between about 1900 and 1930, 
Jagadish Chandra Bose made innovations 
in wireless signalling (borrowed by Italian 
electrical engineer Guglielmo Marconi); 
Meghnad Saha developed an ionization for- 
mula for hot gases that has a central role in 
stellar astrophysics; Satyendra Nath Bose’s 
theoretical work in quantum statistics led to 
Bose-Einstein statistics; Chandrasekhara 
Venkata Raman did Nobel-prizewinning 
work on light scattering; and in math- 
ematics, Srinivasa Ramanujan was equally 
pioneering. 

But since 1947, there has not been a single 
Nobel-prizewinning scientific or techno- 
logical discovery, despite India’s successes in 
space, radio astronomy, biology and pharma- 
ceuticals and the worldwide reputation of its 
US$100-billion information technology (IT) 
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industry. Three other Indian-born scientists 
have won a Nobel prize — biochemist 
Har Gobind Khorana (in 1968), astrophysi- 
cist Subrahmanyan Chandrasekhar (in 
1983) and molecular biologist Venkatraman 
Ramakrishnan (in 2009) — but for work done 
entirely outside India. No mathematician 
from India has won the Fields Medal. And 
Indian institutes and universities do not fea- 
ture in the world’s top 200 higher-education 
institutions (see go.nature.com/bc69uq). 

The basic problem is that Indian science 
has for too long been hamstrung by a 
bureaucratic mentality that values admin- 
istrative power over scientific achievement. 
And, to preserve local control, research is 
still done mostly by small teams working in 
isolation rather than through collaboration 
—a key generator of impact’. 

More than two decades ago, the threat of 
imminent national bankruptcy forced India’s 
government to liberate its economy from the 
notorious ‘licence-permit raj, which had 
strait-jacketed commerce and industry since 
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1947. What will it take in 2014 to reinvigorate 
India’s decrepit scientific empires, trapped for 
decades in a similarly rigid bureaucracy? 


DEEP-ROOTED PROBLEM 

The problem hasa long history. The Council 
of Scientific and Industrial Research (CSIR) 
was formed in 1942, before independ- 
ence, to establish five national laboratories 
aimed at converting research discoveries 
into industrial applications. It was soon 
widely derided. Raman, referring to the first 
director-general of the CSIR, chemist Shanti 
Swarup Bhatnagar, said: “Bhatnagar built 
the National Laboratories to bury scientific 
instruments”’. The situation today is no bet- 
ter. A former CSIR director-general, chemi- 
cal engineer Raghunath Anant Mashelkar, 
remarked in 2013: “India can’t remain a 
nation of imitators.’ 

In 1954, India’s Department of Atomic 
Energy (DAE) was created using a different 
model, later replicated for other scientific 
departments, such as those for space, science 
and technology, electronics, biotechnol- 
ogy and ocean development. Its first head, 
nuclear physicist Homi J. Bhabha, was made 
a secretary to the government, ona par with 
top administrators in home affairs, finance 
and defence. This gave atomic energy official 
credibility, but placed it in a bureaucracy that 
was not designed to foster innovation. 

Gradually, the DAE’s independence was 
ground down and its scientists and technolo- 
gists slotted into administrative grades in 
which they could progress no faster than their 
non-scientific peers. Research achievement 
offered few rewards, other than a patriotic pat 
on the back. The other scientific departments 
quickly went down the same route. Scientists 
began to measure success by their adminis- 
trative position and left research to juniors, 
who saw what they had to do to move up the 
hierarchy. If good science was done along the 
way, it was incidental. Today, although India 
ranks tenth in the world for output of scien- 
tific papers, it ranks 166th for average cita- 
tions per paper (see go.nature.com/xl3ldg). 
Almost 20% of patents filed at the World 
Intellectual Property Organization in 2010 
were from China, with just 1.9% from India 
(below Russia’s 2.1% but above Brazil’s 1.1%)°. 

Nearly 60% of India’s science budget’ is 
now spent on the CSIR, scientific depart- 
ments and the Defence Research and 
Development Organisation (DRDO) — an 
enormous and impenetrable empire set up 
in 1958. None of these national institutions 
has stimulated scientific excellence. Indian 
scientists do outstanding work, but not in 
India. The latest examples of this long-famil- 
iar situation include the award of the 2014 
Marconi Prize in the United States to engi- 
neer Arogyaswami Joseph Paulraj of Stan- 
ford University in California, who worked 
in the Indian navy and at the Centre for 
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COMMENT 


Of the emerging economic powers, India spends the least on research and development. 
On citations, it tails China, South Korea and until recently, Brazil. 
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Development of Telematics for some years 
before emigrating in the early 1990s, and the 
appointment in February of Indian-born 
Satya Nadella as chief executive of Microsoft. 

The problems at the national level are 
mirrored in institutions. First, scientists are 
promoted on the basis of years of service, 
rather than achievement, and once at the 
top they stay until retirement age; long after, 
in some cases. Even at the prestigious Tata 
Institute of Fundamental Research (TIFR) 
in Mumbai, which is less rule-bound than 
many other institutions, research groups are 
almost invariably headed by those who have 
been there the longest. 

Second, although research in the lead- 
ing institutions is well funded — with more 
money available than requested in credible 
grant applications, a striking contrast to the 
situation in many nations — the funding is 
subject to unsuitable restrictions applicable 
to the entire government bureaucracy. These 
include limited foreign travel and no travel 
support for research students, ruling out 
regular participation in leading conferences 
and research gatherings. 

Third, the movement of researchers from 
one institution to another is discouraged, 
because administrators prefer senior posi- 
tions to be filled by internal promotion 
rather than lateral hiring. 

One would expect respected bodies of 
scientists to question the government's 
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virtual abandonment of science. But none 
of India’s science academies (such as the 
Indian National Science Academy and the 
Indian Academy of Sciences) has taken any 
action — even on the widely reported cases 
of plagiarism by their fellows’. 


FOUR STEPS TOWARDS CHANGE 

Indian science needs public funding, but not 
government control. In many countries, the 
promotion of science is devolved to agencies 
outside the main government structures, 
such as the United Kingdom's Engineering 
and Physical Sciences Research Council, the 
European Research Council, the US National 
Science Foundation and Singapore's Agency 
for Science, Technology and Research. 

The first step towards reinvigorating 
Indian science must be to create an empow- 
ered funding agency, staffed by working 
scientists, some of whom could be non- 
resident Indians. A possible model is the 
European Research Council, which deals 
with a complex of national governments no 
less formidable than India’s 29 state govern- 
ments, yet manages to focus on supporting 
research excellence. The crucial requirement 
is obviously that an Indian scientific research 
council be permitted to set its own criteria 
for the evaluation of research proposals, 
independent of direct government control, 
and disburse government funds accordingly. 

A second step must be to ensure 
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planned rotation of institutional roles 
and responsibilities. This occurs in most 
university departments in the Western world 
— typically, every four or five years for the 
chair of a UK university department. Gov- 
erning bodies should limit the tenure of the 
heads of scientific institutions and groups 
to, say, five years, after which they would 
be expected to return to active research. 
This change would work best by choosing 
heads young enough to have future research 
careers. Bhabha was 35 years old when he 
was appointed director of the TIFR in 1944; 
his example has not been repeated. 

Third, the formation of trans-institutional 
groups that can undertake coordinated work 
in a few well-chosen areas should be encour- 
aged at the funding stage. This contrasts 
with the existing ‘national missions’ of the 
government. The $160-million Nano Mis- 
sion (launched in 2007) has funded more 
than 150 individual projects, 11 centres 
of excellence and 6 industry-linked pro- 
jects — but has required no collaboration 
between institutions. 


For building compe- “Indian 
tence and achieving science 
results, itwouldhave needs public 


been much more funding, 


effective toencourage byt not 
collaborative efforts government 
across institutionsin, ¢gyfyrol.” 


for instance, medical 
applications, solar and fuel cells, and water 
purification. Such collaboration has been 
achieved successfully, for example, in the 
European Strategic Program on Research 
in Information Technology, the projects of 
which span several countries and agencies. 
Fourth, how to spend that 2% of GDP 
when it finally materializes? Leading institu- 
tions such as the Indian Institutes of Tech- 
nology and many others are already well 
provided for, by any standards*. New research 
money should be spent on regenerating the 
scores of poorly provided university labo- 
ratories that lack the funds to procure and 
maintain modern scientific equipment; they 
currently receive only around 10% of the 
R&D budget but are expected to produce 
most of the country’s PhDs’. 


LESSONS FROM COMPUTING 
Indian scientists working in conventional 
disciplines will be loath to admit it, but there 
is now a model of technological success in 
India — in the growth of the IT industry. 
The creation and export of software to the 
developed nations grew, even during the 
licence-permit raj of the 1970s and 80s, 
because software did not fall into any gov- 
ernment category’. Its commercial success 
was driven primarily by young engineers in 
their 20s working in a competitive environ- 
ment unfettered by government regulations. 
Ironically, academic computer science 
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in India barely benefited from this boom 
until recently, when a few enterprising 
IT companies such as Tata Consultancy 
Services, Microsoft and Infosys instituted 
well-planned funding to pay attractive sti- 
pends to young computer scientists taking 
up research careers. 

One lesson from India’s IT industry is 
that it is essential to draw the private sector 
into major research programmes. Industry 
at present contributes about 30% of India’s 
total spend on R&D’, most of it devoted to 
improving productivity and reducing cost 
and energy consumption, rather than prod- 
uct development. It is essentially shut out of 
basic research because of government rules 
that prohibit, or severely inhibit, public— 
private collaboration. Although the massive 
public-sector defence industry relies mostly 
on purchasing foreign-made weapons and 
little on the laboratories of the DRDO, it is 
still unwilling to partner with Indian com- 
panies to grow competence and capability. 

Another lesson is that science could attract 
talented young people if it provided them 
with a more exciting work environment and 
acareer path that rewards achievement. A sci- 
entific career has the potential to be at least as 
challenging and stimulating as one in IT, even 
ifnot as financially rewarding. 

The Indian pioneers of the early twentieth 
century, such as Raman, made their theo- 
retical and experimental breakthroughs with 
almost no government support; their research 
suffered from government apathy but not 
bureaucratic interference. The strong urge 
for discovery that drove them could return 
— if there were greater rewards for innova- 
tion, fewer for administration and longevity. m 
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A prototype wetsuit — one of several innovations presented in the 1590s manuscript MS Osborn a8. 


TUDOR TECHNOLOGY 


BOOKS & ARTS | COMMENT | 


Shakespeare and science 


To mark the 450th anniversary of the bard’s birth, Jennifer Rampling probes how 
mathematics and technology shaped his era. 


plays, from The Merchant of Venice 
to Hamlet and Othello, Tudor science 
took its inspiration from abroad. However, 
its dramatis personae include few easy 
analogues of continental stars such as Nico- 
laus Copernicus, Johannes Kepler, Paracelsus 
or Galileo. England and Wales undoubtedly 
had scholars of international calibre, includ- 
ing the mathematician-astronomers John 
Dee, Thomas Digges and Thomas Harriot. 
Yet the expansion of its scientific horizons 
was driven as much by artisanal and mer- 
cantile interests as by university learning or 
royal patronage. Detailed globes, astronomi- 
cal instruments and translations of French 
and Spanish navigational texts offered new 
tools for mastering both England’s coastal 
waters and the ocean voyages required for 
intercontinental trade and exploration. 
Shakespeare's “scepter'‘d isle” was a late- 
comer to Europe's scientific renaissance. 
The upheavals of the English Reformation 


L the plots of William Shakespeare's 


diverted energies that might have other- 
wise been channelled into exploration. By 
the time of Elizabeth I’s accession in 1558 
(six years before the playwright’s birth on 
23 April 1564), her Spanish and Portuguese 
counterparts had amassed vast New World 
territories — and with them, knowledge 
of new plant and animal species, peoples, 
geographies and commodities. England’s 
rotting fleet and dearth of native pilots and 
navigational know-how offered dispiriting 
prospects for the expansion of either terri- 
tory or natural knowledge. 

A quick scene change to almost 40 years 
later, towards the end of Elizabeth’s reign, 
and we find the port of London booming 
and England a maritime power, defending its 
shores from Spanish fleets and establishing 
fledgling colonies in the Americas. Goods, 
people and ideas poured in from conti- 
nental Europe and beyond, bringing new 
experiences and expertise. London's presses 
added to the flow of information. Scientific 
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best-sellers included almanacs, collections 
of alchemical and household ‘secrets’ and 
vernacular mathematical textbooks such as 
Robert Recorde’s oft-reprinted Arithmetic, 
or The Grounde of Arts (1543). 

Enter Shakespeare. Born in Stratford-upon- 
Avon, by 1592 he was in London as both 
player and playwright. From temporary 
stages in inn yards to purpose-built theatres, 
the capital offered increasing scope for com- 
panies of players. There, a growing population 
of ‘mechanical artisans, instrument-makers, 
engineers, printers and medical practitioners 
helped to constitute one of the most sophis- 
ticated play- going audiences in history, eager 
for new material and swift to detect topical 
allusions. Whatever the causes and effects of 
the English transformation, we might expect 
to catch some hint of it on the stage. 

For both playwrights and audiences, the 
connection between global ambition and 
artisanal know-how would have been hard 
to miss: new technologies simultaneously > 
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> enabled expansion and advertised it. In 
1592, the Lambeth-based mathematician 
and instrument-maker Emery Molyneux 
presented Elizabeth I with intricate, 65-cen- 
timetre globes that tracked the voyages of the 
English explorers Francis Drake and Thomas 
Cavendish. The globes’ fame helped to pro- 
mote the use of smaller versions as navigation 
aids, and even reached the stage: playwright 
Thomas Dekker referenced “Molyneux his 
globe” In 1599, Shakespeare's company, the 
Lord Chamberlain’s Men, named their new 
theatre the Globe — a fitting symbol of Eliza- 
bethan aspirations. The unexpected richness 
of New World discoveries, and the challenges 
they posed to ancient authorities, forced 
Europeans to expand their world views even 
as their voyages put a girdle round the Earth. 
Shakespeare’s famously sparse biogra- 
phy offers few clues to his own views on the 
sciences. Young Will may have witnessed the 
blazing Stella Nova: the supernova spotted by 
Danish astronomer Tycho Brahe and others 
in 1572. Unlike comets, the new star had no 
apparent parallax or proper motion, suggest- 
ing that it lay at a great distance from Earth 
—a novelty where none should have existed, 
according to the generally accepted Aristo- 
telian model of the cosmos. For Digges, the 
star offered a potential confirmation of the 
Copernican system, and an opportunity to 
advance his reputation through timely pub- 
lication of his own work on stellar parallax. 
Not all observers read the star in that 
way. For astrologically literate Londoners, 
stellar novelties might also presage war- 
fare and dynastic change. Shakespeare well 
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Elizabeth I rests her hand on a globe — an instance of technology advertising naval prowess. 


understood the analogy between heavenly 
and political stability, and the anxieties trig- 
gered by inauspicious stars, comets and sun- 
spots (the “disasters in the sun” mentioned 
by Horatio in Hamlet). The playwright’s 
dramatic use of celestial portents does not 
stretch to promoting a Copernican model, 
although we may detect a glancing refer- 
ence to heliocentrism in Hamlet’s love letter 
to Ophelia — “Doubt thou the stars are fire; 
Doubt that the sun doth move ... But never 
doubt I love”. Only after Shakespeare's death 
and Galileo's energetic interventions would 
Copernican ideas take 


centre stage. “E lizabethan 
Few Elizabethan SCterice, like 
scholars pursued Elizabethan 
astronomy on the dramaturgy, 
scale ofBraheorGali- responded 
leo, both recipients of to funding 


princely patronage. 
(An exception was 
Harriot — the protégé of Walter Raleigh 
and Henry Percy, Earl of Northumberland 
— who mapped the Moon by telescope 
before Galileo.) Elizabethan science, like 
Elizabethan dramaturgy, responded to fund- 
ing priorities, and theoretical advances car- 
ried less weight with Elizabeth's government 
than pragmatic and potentially high-profit 
schemes to improve navigation, exploit min- 
eral resources or alchemically transmute 
metals on an industrial scale. 

Petitioners to the queen often sought 
monopoly grants for such projects. Others 
hoped for financial investment. Apart from 
utility and personal expertise, proposals 


priorities.” 
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drew on classical precedents and the latest 
knowledge from abroad. Grenades, printing 
presses and fireworks attached to the backs 
of cats (intended to “raise a tumult” in enemy 
camps) appear in one manuscript collection 
of Elizabethan inventions. The anonymous 
compiler (possibly the engineer and alche- 
mist Ralph Rabbards) combined practical 
experience of Italian military campaigns 
with fanciful ideas for adapting ancient 
inventions — among them, an ingenious 
design for a wetsuit with adjustable snorkel, 
for covert attacks on enemy shipping. 

The tension between learning and expe- 
rience, speculation and utility, can also be 
detected in scholarly works. When John 
Dee famously surveyed the “Artes Math- 
ematicall” in his preface to Henry Billings- 
ley’s 1570 English translation of Euclid, he 
stressed the value of mathematics in study- 
ing both natural phenomena and practical 
problems — from arranging artillery to com- 
pounding medicines. The utilitarian ethos 
helps to explain why Digges, for all his astro- 
nomical skill, served Elizabeth primarily by 
consulting on the construction of Dover 
Harbour. Dee, who coined the term “Brytish 
Impire’, eventually left England to pursue his 
dream ofa court-philosopher post abroad. 

Only in The Tempest does Shakespeare 
evoke the kind of philosopher that Dee 
sought to embody: the magus Prospero, 
whose expertise in natural and occult philo- 
sophy grants him the upper hand over the 
unschooled Caliban and the shipwrecked 
royal party. Dee, who tried and failed to per- 
suade Elizabeth to sponsor a ‘research insti- 
tute’ under his direction, might well have 
envied Prospero the freedom to experiment 
without the constraints of patronage. On 
the whole, the “brave new world” of Tudor 
knowledge-making lay elsewhere — between 
the commercially minded Antonio, the epon- 
ymous merchant of Venice, and the “rude 
mechanicals” of A Midsummer Nights Dream. 

This is the world of Shakespeare's plays, 
populated with ideas and technologies that 
his audience would have recognized from 
contemporary life: clocks, globes, com- 
passes, the distorting ‘perspective glass. 
Even his famous evocation of England, a 
“precious stone set in the silver sea’, suggests 
the technique of foiling to create brilliant 
reflective backings for jewels and mirrors. 
If Shakespeare declined to furnish later ages 
with a convenient narrative of Elizabethan 
science, he surely succeeded in holding up a 
mirror to the technological and commercial 
vibrancy of his own age. = 


Jennifer Rampling is a historian of 
medieval and early-modern science and 
medicine. An assistant professor of history 
at Princeton University in New Jersey, she 
specializes in the history of alchemy. 
e-mail: rampling@princeton.edu 
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EARTH SYSTEMS 


No place like home 


The newest chapter in James Lovelock’s Gaia saga holds out hope, finds Tim Lenton. 


Lovelock argues that humans must survive 

difficult days ahead if their descendants 
are to become the future saviours of Gaia — 
the self-regulating Earth system that he con- 
ceived nearly 50 years ago. No longer just 
another species, as he argued in The Ages of 
Gaia (Oxford University Press, 1988), Homo 
sapiens is now “one of the truly important spe- 
cies of the Earth’s history’, destined to help 
Gaia to survive in the face of an ineluctably 
brightening Sun. The inventor's audacious 
book is thus part science fact and part science 
fiction, homily and history lesson. 

Lovelock argues that our information- 
based cultural evolution is now a million 
times faster than good old natural selection. 
He traces this remarkable transition back 
to Thomas Newcomen’s invention of the 
steam engine in 1712. That coal-powered 
engine's capacity to perform sustained use- 
ful work exceeding 1 kilowatt is Lovelock’s 
thermodynamic definition of the start of 
the Anthropocene — the planetary epoch 
defined by human transformation. Powered 
by fossil fuels, the ensuing positive feedbacks 
have propelled an exponential growth in 
material flows, human population and infor- 
mation processing. 


E A Rough Ride to the Future, James 


But human innova- 
tion is just the latest in 
along line of biological 
‘innovations’ that have 
transformed Earth. For 
example, roughly 3 bil- 
lion years ago, photo- 
synthetic bacteria 
evolved the ability to 
split water, leading to 
the build-up of oxygen 
in Earth’s atmosphere. 
Lovelock argues that 
this innovative capac- 
ity of life was crucial to 
the making of a world 
that supported human evolution, is crucial 
to our reshaping of the planet today, and will 
be essential for both our survival and Gaia’. 

So, how does Lovelock rate our chances 
of making it through this century? Having 
heralded the apocalypse in The Revenge of 
Gaia (Allen Lane, 2006) and backed off a bit 
in The Vanishing Face of Gaia (Allen Lane, 
2009), here he tries to shut the stable door 
after the horse (climate change) has bolted. 
He sees no prospect of us collectively reduc- 
ing carbon dioxide emissions, and has noth- 
ing good to say here about geoengineering. 


A Rough Ride to 
the Future: The 
Next Evolution of 
Gaia 

JAMES LOVELOCK 
Allen Lane: 2014. 
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exponential 
Dilution Chamber 


That leaves adaptation as the only option. 

Lovelock pictures most of us retreating to 
high-tech cities protected from the ravages 
of climate change by air conditioning — if we 
can afford it. He sees a glimmer of hope that a 
dwindling supply of cheap fossil-fuel energy 
may be slowing our exponential growth in 
material consumption. Meanwhile, to power 
those high-tech cities, he remains a consist- 
ent fan of nuclear power and even shows a 
soft spot for natural gas, while continuing to 
critique the weak and intermittent supply of 
wind energy. He fails to discuss solar power, 
perhaps because he sees an unlimited supply 
of renewable energy as a great danger to us 
and to the planet — we are, collectively, still 
too immature to handle it wisely. 

Lovelock sees us as tribal carnivores, 
doomed to bumble around in the techno- 
logical world we have created. But at long 
last he seems to be conceding that we might 
grow culturally to the point of becoming a 
constructive part of Gaia. This is the heart 
of the book — the vision of a teleological 
future Gaia, filled with foresight and pur- 
pose to survive, thanks to the consciousness 
bestowed on her by humanity. For example, 
we can consciously intervene to protect Gaia 
from future asteroid impacts. The irony here 
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is that teleology is exactly what Lovelock 
had to purge from his original Gaia 
hypothesis to satisfy his scientific crit- 
ics. They may well squirm at the sight of 
“Gaia's goal” returning. 

The reason Gaia needs our help, Love- 
lock argues, is that the unconscious neg- 
ative-feedback mechanism that has so far 
kept the planet cool is destined to fail. Up 
to now, the Sun's brightening, which tends 
to warm Earth, has been counteracted by 
accelerated weathering of the continents, 
which has decreased CO, levels in the 
atmosphere. But before we started boost- 
ing it, the CO, concentration was getting 
close to the lower limit for photosynthe- 
sis. Hence there is a need for either some 
other cooling mechanism, or a more heat- 
tolerant intelligent life form. 

Lovelock tentatively speculates on 
what such creations might look like. 
First he imagines us symbiotically merg- 
ing with electronic components to form 
a world of cyborgs, using biological and 
artificial intelligence to sense and regu- 
late the planet's state. Eventually he sees 
wet organic life having to be replaced by 
dry electronic life that is better able to 
cope with an over-hot Sun. He even ima- 
gines such artificial life forms ‘evolving’ 
much faster than us, because information 
is transferred much faster by electronics 
than by neurons. 

This is a popular science book. Yet it 
does reveal something about how the 
author’s remarkable mind works — mak- 
ing intuitive leaps between topics that 
most of us would not think to connect. 
One moment he is dwelling autobio- 
graphically on the cultural environment 
that fostered his own inventiveness, the 
next he is considering how invention 
accelerated the evolution of life. The leaps 
are so great that at times even Lovelock 
seems unsure where his argument is 
going. But this is strangely appropriate 
when the subject is the long-term future. 

A Rough Ride to the Future is a more 
optimistic book than its two predeces- 
sors, although Lovelock still thinks that 
there will be a massive drop in human 
population — by means that remain 
unclear. What he seems to be doing, 
perhaps unwittingly, is creating a belief 
system to help us through the difficul- 
ties ahead. There is a sense here that 
Lovelock has been to the mountain top, 
looked over, and seen a promised land. 
Now almost 95, he may not get there with 
us, but he wishes humanity and Gaia an 
exciting future together. m 


Tim Lenton is professor of climate 
change and Earth system science at the 
University of Exeter, UK. 

e-mail: t.m.lenton@exeter.ac.uk 
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The clamorous mind 


Susanne Ahmari reviews a personal and scientific 
journey through obsessive-compulsive disorder. 


he adage that you can't judge a book 
Ts its cover fails with David Adam's 

The Man Who Couldn't Stop. The 
title is scrawled repeatedly in urgent let- 
ters, thrusting us into the mindset of some- 
one suffering a near-constant barrage of 
intrusive thoughts — the manifestation of 
obsessive-compulsive disorder (OCD) that 
is the book’s topic. In the pages that follow, 
Adam, editor of Nature’s Editorials section, 
leads us on an insider's tour of the OCD 
brain, providing insight into the cultural 
and scientific evolution of how we view 
and treat a disorder that affects up to 3% of 
people worldwide. 

Adam's book is equal parts historical jour- 
ney, scientific discussion and stark personal 
memoir of his battle with often shocking 
thoughts that come out of nowhere, the 
symptom of OCD that he describes as “a 
snowflake that fell from the summer sky”. 
A common example of such thoughts is the 
fear of harming someone else despite hav- 
ing no intent or desire to do so. For Adam, 
they took the form of fears that he had 
accidentally contracted HIV. Although his 
book pays homage to earlier works, includ- 
ing Judith Rapoport’s iconic The Boy Who 
Couldn't Stop Washing (E. P. Dutton, 1989), it 
has a unique voice born of first-hand obser- 
vations of Adam's own changing mental pro- 
cesses, and his expertise as a science writer. 

Although his historical anecdotes are 
informative and entertaining, Adam is at 
his best when linking the evolution of his 
illness with possible scientific explana- 
tions. Current theories suggest that OCD 
stems from abnormal communication in 
the brain between cortical areas involved 
in higher-order cognition — such as 
reward-based decision-making 
— and basal ganglia structures 
important for selecting 
actions. Human stud- 
ies suggest that genetic 
and environmental 
factors contribute to 
this disruption. How- 
ever, despite intensive 
efforts, it has been dif- 
ficult to nail down spe- 
cific genetic culprits, 
and the role of environ- 
mental factors, such as 
childhood infection with 
streptococcus, is unclear 
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and controversial. 
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The Man Who unwelcome thoughts 
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Story ofaLifeLost National AIDS hot- 
tlle tt line to check whether 


he was at risk. No mat- 
ter how many times 
he called, disguising 
his voice to avoid recognition, he was only 
briefly reassured. He notes, “They would 
tell me that they had already given me an 
answer and that I needed to acceptit. I didn't 
want that. I wanted the hit” This compari- 
son between taking an addictive drug and 
seeking reassurance highlights important 
potential research avenues for neuroscien- 
tists trying to understand how inexorable 
cycles of obsessions and compulsions are 
initiated and maintained. 

As Adam himself points out, the ending 
of the book is a little unsatisfying. There is 
no dramatic revelation of the root of his ill- 
ness, no ‘eureka moment when scientists 
discover the cause of obsessions. His OCD 
gets significantly better with a lot of hard 
work, serotonin-reuptake inhibitors, expo- 
sure therapy with response prevention, and 
continuous vigilance, but 
intrusive thoughts linger in 


the background even ‘ 
he background Ly 


Picador: 2014. 
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though he has received the best evidence- 
based OCD treatment. As he puts it, “it’s a 
bit like being a recovering alcoholic. You are 
always a certain number of days past your 
most recent obsessive-compulsive episode.” 

Fortunately, misunderstanding about 
OCD, such as thinking that people with the 
condition are simply ‘neat-freaks; is gradu- 
ally decreasing. Adam makes an important 
contribution by increasing public aware- 
ness, and clarifying that OCD is not simply 
an exaggerated desire for hygiene and order, 
but rather a serious illness with many dif- 
ferent symptoms caused by dysregulation 
of the brain’s anxiety and cognitive-control 
circuits. He also helps to defuse the stigma 
associated with thoughts that many patients 
find shameful. 

Another source of optimism is the abun- 
dance of innovative technologies that are 
being used to identify treatment targets for 
compulsive behaviours. For example, my 
laboratory uses miniature microscopes to 
peer inside the rodent brain and observe 
how neural activity changes as behaviours 
such as repetitive grooming develop. Such 

tools allow us 


“OCDis a bit to address long- 
like being a standing ques- 
recovering tions, including 
alcoholic. You how compulsive 
are always a behaviours and 
certain number anxiety are related. 
of days past oc the 

main reader- 
Sars eal le ship of The Man 
diac Who Couldn't 


Stop is likely to be 
patients, families and clinicians, this book 
is also a valuable read for neuroscientists 
like me, who are searching for clues about 
the origins of OCD. There are some factual 
errors, such as the description of seroton- 
ergic neurotransmission, but this is a quib- 
ble compared with the book’s contribution. 
People such as Adam hold in their brains 
some of the most valuable contributions to 
the fight against neuropsychiatric diseases: 
blow-by-blow accounts of how their obses- 
sions, compulsions, thoughts and emotions 
are linked and evolve. 

By partnering with patients, psychiatric 
researchers can extract testable hypotheses 
and recognize obsessions for what they are: 
not untouchable thoughts to be feared and 
locked up, but phenomena to be observed, 
understood and then let go like summer 
snowflakes melting in the sunlight. = 


Susanne Ahmari is director of the 
Translational OCD Laboratory at the 
University of Pittsburgh in Pennsylvania, 
where she uses neuroscience and clinical 
studies to seek brain abnormalities that 
lead to OCD. 

e-mail: ahmarise@upmc.edu 


Books in brief 


Falling Behind? Boom, Bust, and the Global Race for Scientific 
Talent 

Michael S. Teitelbaum PRINCETON UNIVERSITY PRESS (2014) 

Is US science and engineering really plagued by workforce 
shortages? It is not that simple, argues demographer Michael S. 
Teitelbaum in this analysis of US science policy. The evidence 
reveals a complex dynamic: since the 1950s, alarmism over ‘falling 
behind’ has driven five rounds of destabilizing boom and bust. The 
modi operandi of research universities and funding agencies are 
also problematic, as research funding, not market demand, controls 
supplies of young scientists and engineers. Lucid and convincing. 


The Zero Marginal Cost Society: The Internet of Things, the 
Collaborative Commons, and the Eclipse of Capitalism 

Jeremy Rifkin PALGRAVE MACMILLAN (2014) 

“The capitalist era is passing,’ proclaims social theorist Jeremy Rifkin 
in this manifesto for the collaborative commons, a new economic 
paradigm. “Ubiquitous computing” is spawning an Internet of 
Things, a digitized global infrastructure that will, he argues, pare 
marginal costs of production and distribution down to near zero and 
topple big profits. The thesis is admirable, but the ebullience can 

feel somewhat relentless as Rifkin rolls out a future of sustainable 
abundance, massive open online courses and crowd-funding. 


—_ The Knowledge: How to Rebuild Our World from Scratch 

= = Lewis Dartnell BODLEY HEAD (2014) 

Astrobiologist Lewis Dartnell offers the ultimate do-it-yourself 
guide to ‘rebooting’ human civilization after an asteroid impact, 
pandemic or nuclear war. With scientific nous, Dartnell depicts 
probable environmental scenarios on a stricken Earth and offers 
putative survivors instruction in the technologies needed to craft a 
culture from the ground up. Whether learning the basics on how to 
sow and grow a field of barley, melt and cast salvaged aluminium, 
build a windmill or craft a basic stethoscope, many will thrill to this 
reminder of our species’ prodigious resilience. 


How to Make a Human Being: A Body of Evidence 

Christopher Potter FOURTH ESTATE (2014) 

In this follow-up to his much-vaunted You Are Here (HarperCollins, 
2009), Christopher Potter illuminates the human in all its 
manifestations — from single cell to creator of culture. Finely 

judged quotes from scientific and literary luminaries such as John 
Archibald Wheeler and Marcel Proust alternate with erudite musings 
on our compatibility with the cosmos (backed by clear expositions of 
theoretical physics), human biology, neurology, culture, morality and 
religion. The scattershot narrative somehow coalesces into a brilliant 
whole — and a compelling case for anti-reductionism. 


Buildings Must Die: A Perverse View of Architecture 

Stephen Cairns and Jane M. Jacobs THE MIT PRESS (2014) 

From the passage of time to the wrecking ball, the forces limiting 

a building’s ‘lifespan’ are rife: all cities are potential ghost towns. 
Into this rubble-strewn terrain venture Stephen Cairns and Jane 

M. Jacobs, whose philosophical meditation on architectural death 
is enriched with materials science and thinking from the likes of 
architect Eero Saarinen. The evocative case studies range from the 
“ruin porn” of derelict Detroit in Michigan, to the weird morphology 
of Bangkok and its unfinished skyscrapers. Barbara Kiser 
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Correspondence 


ArXiv screens spot 
fake papers 


Unlike the computer-generated 
nonsense papers in some peer- 
reviewed subscription services 
(see Nature http://doi.org/r3n; 
2014), the 500 or so preprints 
received daily by the automated 
repository arXiv are not 
pre-screened by humans. But 
sometimes automated assessment 
can be better than human 
diligence at enforcing standards. 

The automated screens for 
outliers in arXiv include analysis 
of the probability distributions 
of words and their combinations, 
ensuring that they fall into 
patterns that are consistent with 
existing subject classes. This 
serves as a check of the subject 
categorizations provided by 
submitters, and helps to detect 
non-research content. 

Fake papers generated by 
SClIgen software, for example, 
have a ‘native dialect’ that can be 
picked up by simple stylometric 
analysis (see J. N. G. Binongo 
Chance 16, 9-17; 2003). The 
most frequent words used in 
English text (stop words such as 
‘the; ‘of? ‘and’) encode stylistic 
features that are independent of 
content. On average, these words 
follow a power-law distribution 
that is evident in even relatively 
small amounts of text; significant 
deviations signal outliers. 

The effect can be seen in 
principal-component analysis 
plots (see ‘Counterfeit clusters’). 
Computer-generated articles 
form tight clusters that are well 
separated from human-authored 
articles. 

Paul Ginsparg Cornell University, 
Ithaca, New York, USA. 
ginsparg@cornell.edu 


Free up systems for 
funding and advice 


As president of the New Zealand 
Association of Scientists, I endorse 
Peter Gluckman’ principles 

for effective science advice 

to government (Nature 507, 
163-165; 2014). As he remarks, 


COUNTERFEIT CLUSTERS 


Nonsense papers generated by 
software such as SClgen and 
Mathgen cluster separately 
from human-authored arXiv 
papers when analysed 

for stylistic word features. 


e SCigen 

v Mathgen 

= SCigen-physics 

e Ike Antkare (SClgen) 
* arXiv 14 March 2014 


however, science advisers may 
encounter a conflict of interest if 
they are involved in administering 
public research funding. 
Gluckman is the New Zealand 
Prime Minister's chief science 
adviser and chaired the panel that 
last year selected the National 
Science Challenges. He has been 
instrumental in publicizing 
and defending the new funding 
mechanism for meeting these 
goals (see go.nature.com/ 
cmgkx1), which the government 
has signalled are likely to set 
the default funding strategy for 
New Zealand science in the next 
decade and beyond (see, for 
example, go.nature.com/srrtym). 
The community of scientists 
is concerned about the perceived 
conflict of interest and loss of 
trust inherent in combining 
these roles. They are worried 
that the challenges will shut 
out excellent science that does 
not fit with the goals. Another 
issue is the perception among 
Maori researchers that the 
processes for identifying the 
national challenges have so far 


marginalized Maori participation. 


It is to be hoped that 
Gluckman’s ten principles will 
help in future to separate science 
advisory and funding systems, 
and that the promised National 
Statement of Science Investment 
will address the wider (and no 
less important) research agenda. 
Nicola Gaston New Zealand 
Association of Scientists, 
Wellington, New Zealand. 
president@scientists.org.nz 
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Journals must boost 
data sharing 


The journal ecosystem is a 
powerful filter of scientific 
literature, promoting the best 
work into the best journals. Why 
not use a similar mechanism to 
encourage more comprehensive 
data sharing? 

Several journals have 
introduced policies mandating 
that data be shared on a public 
archive at publication (see, 
for example, go.nature.com/ 
b7u4ed). However, these policies 
have met with limited success, 
perhaps because of authors’ fears 
of losing control, being scooped 
in subsequent papers or having 
errors exposed. Moreover, 
compliance with data-sharing 
policies is typically checked 
only after the paper has been 
accepted. 

To spur excellence in 
data sharing, journals must 
recognize that better sharing 
leads to stronger papers, and 
judge submissions accordingly. 
Articles associated with feeble 
sharing efforts should either 
improve or be rejected. 

A focus on publishing 
verifiable research will boost 
journal reputation. It also signals 
to the community of authors 
that withholding data will 
restrict them to publication in 
less-prestigious journals. 
Timothy H. Vines University 
of British Columbia, Vancouver, 
Canada. 
vines@zoology.ubc.ca 
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Projects powered by 
free computing grid 


Herman Tse describes the 
scientific output of IBM’s World 
Community Grid as “lacklustre” 
(Nature 507, 431; 2014). This 

is not the case: the 22 projects 
we have supported so far have 
generated more than 35 peer- 
reviewed papers in prominent 
journals. Our donated computing 
power has resulted in several 
important practical scientific 
advances. 

For example, Japan's Chiba 
Cancer Center used our free 
computing power to screen 
three million drug candidates 
for treating neuroblastoma, a 
common childhood cancer. 

This yielded seven promising 
compounds that have no apparent 
side effects (Y. Nakamura et al. 
Cancer Med. 3, 25-35; 2014). 

Last June, Harvard University’s 
Clean Energy Project announced 
some 35,000 organic materials 
that could double the efficiency 
of carbon-based solar cells, after 
using our grid to scan more than 
two million candidate materials 
(see J. Hachmann et al. Energy 
Environ. Sci. 7, 698-704; 2014, 
and go.nature.com/cxt181). 

Neither should Tse 
underestimate papers that focus 
“solely on the technical aspect 
of distributed computing”. Such 
computing accelerates research 
and underpins scientific advances. 
Take the 2013 Nobel Prize in 
Chemistry: it was awarded to 
three scientists who developed 
the kind of computer-modelling 
techniques on which the work 
of World Community Grid 
researchers is based. As the Nobel 
committee noted: “Today the 
computer is just as important a 
tool for chemists as the test tube? 
Juan Hindo World Community 
Grid, Chicago, Illinois, USA. 
juan.hindo@us.ibm.com 
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Interneuron subtypes and orientation tuning 


ARISING FROM B. V. Atallah, W. Bruns, M. Carandini & M. Scanziani Neuron 73, 159-170 (2012); N. R. Wilson, C. A. Runyan, F.L. Wang & M. Sur Nature 


488, 343-348 (2012); S.-H. Lee et al. Nature 488, 379-383 (2012) 


Parvalbumin-positive (PV*) and somatostatin-positive (SST*) inter- 
neurons are two principal subtypes of cortical GABAergic neurons 
that differ in morphology, physiological properties and postsynaptic 
targeting’ *. Although GABAergic inhibition is known to be crucial 
for shaping orientation tuning in the visual cortex”, it is unclear whether 
PV‘ andSST* interneurons have different roles. Recently, Atallah et al’, 
Wilson et al.’ and Lee et al.'° addressed this issue by optogenetically 
manipulating each interneuron subtype, reaching different conclusions: 
some investigators found that SST* neuron activation sharpens ori- 
entation tuning’, whereas PV~ neuron activation has little effect®”, but 
others found that activation of PV* but not SST interneurons shar- 
pens orientation tuning”. To understand the cause for the discrepancy 
we examined the impact of several experimental differences among 
the studies—anaesthesia and the level and duration of optogenetic 
stimulation—and found that the discrepancies can be largely explained 
by differences in the level and duration ofinterneuron activation. There 
are replies to this Brief Communication Arising by Atallah, B. V., 
Scanziani, M. & Carandini, M. Nature 508, http://dx.doi.org/10.1038/ 
nature13129 (2014) and El-Boustani, S., Wilson, N. R., Runyan, C. A. & 
Sur, M. Nature 508, http://dx.doi.org/10.1038/nature13130 (2014). 

Atallah et al.’ showed that mild PV * activation caused no significant 
reduction in orientation tuning width (a), whereas Lee et al.'° showed 
that o reduction is strongly correlated with firing rate reduction (Sup- 
plementary Fig. 3e in Lee et al."°). This indicates that the difference 
between the findings is related to the degree of PV" activation. To test 
the dependence of o reduction on the level of interneuron activation 
further, we measured tuning curves of each neuron in anaesthetized 
mouse V1 at several light intensities (Fig. 1). For PV” activation, both 
the firing rate and o decreased progressively with increasing light 
intensity (Fig. la, b). Increasing levels of SST* activation, however, 
caused a progressive reduction of firing rate but not of o (Fig. Ic, d). 
The range of PV" activation-induced firing rate reduction reported by 
Atallah et al.* is indicated by grey shading in Fig. 1b. Within this range 
we also observed only weak sharpening of orientation tuning, indi- 
cating that different levels of PV" activation can largely explain the 
different observations in Lee et al.'° and Atallah et al.*. Mechanistically, 
subtractive inhibition by PV~ activation (Fig. 3 in ref. 10) is considered 
to be the main cause for the sharpening: stronger PV activation 
causes a greater increase of spike threshold and therefore stronger 
firing reduction and sharpening. 

However, the discrepancy between the findings of Lee et al.’° and 
Wilson et al.’ is more profound, and there are two major experimental 
differences: choice of anaesthetics and laser stimulus duration. As 
shown in Fig. 2a-e, the specific effect of PV* activation on o reduc- 
tion was also found in awake, head-fixed mice, indicating that it is not 
restricted to particular anaesthesia. Meanwhile, in each trial of visual 
stimulation (4s), Wilson et al.° applied 1s of laser simulation at the 
beginning of visual stimuli, whereas Lee et al.'° applied laser stimulation 
throughout the 4 s. To test the effect of laser duration, we measured 
tuning with 1-s laser stimulation in awake PV-channelrhodopsin-2 
(ChR2) and SST-ChR2 mice. In both cases, neuronal firing was reduced 
only during the 1 s of laser stimulation (Fig. 2f, h). In PV-ChR2 mice, 
1-s stimulation caused no significant sharpening of tuning, whereas in 
SST-ChR2 mice it caused a significant sharpening (Fig. 2f-)). 

The lack of sharpening with 1-s PV* activation is not unexpected 
given that inhibition was enhanced only during 1 out of 4s of visual 
stimulation (Fig. 2f). However, the sharpening by 1s but not 4s of 


SST* activation was unexpected. Notably, during the last 3 s of visual 
stimulation we observed significant o reduction with 1-s (P = 0.003) 
but not 4-s (P = 0.47) SST activation. One possibility is that whereas 
the 1-s SST* activation caused inhibition of PV* neurons!!2, the 
laser offset caused rebound activity of. PV* neurons, which in turn caused 
o reduction after laser offset. 

Finally, we performed cell-attached recordings from genetically labelled 
cell types without ChR2 stimulation. Pyramidal, PV" and SST* neu- 
rons all exhibited sustained responses to visual stimulation with similar 
time courses (Fig. 2k), suggesting that both PV and SST* neurons are 
naturally co-active with pyramidal neurons during visual stimulation. 
Future studies are necessary to understand fully how different spatio- 
temporal patterns of PV* and SST* neuron activation affect visual 
cortical processing, as simultaneous activation or silencing of all neu- 
rons belonging to a particular subtype is still a relatively crude manip- 
ulation. Nevertheless, these results indicate that the discrepancy between 
Lee et al.'° and Wilson et al.’ can be largely explained by different 
durations of optogenetic activation. 
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Figure 1 | Correlation between ¢ reduction and firing rate reduction. 

a, b, Juxtacellular recording from putative pyramidal neurons in anaesthetized 
PV-ChR2 mice showed that o is reduced progressively with increasing 

levels of PV* neuron activation and pyramidal neuron firing rate reduction. 
a, Top: tuning curves of an example neuron at different levels of optogenetic 
activation; blue to red, firing rate ratio from 0 to —1; error bars indicate s.e.m.; 
curve, Gaussian fit of the data. Bottom: tuning curves of the same neuron, 
each normalized by its peak firing rate. b, Change of o versus firing rate ratio. 
Each grey line represents a single cell; black line, average Ao within three 
ranges of firing rate ratio (0 to —0.35), (—0.35 to —0.7) and (—0.7 to —1). 
Error bars indicate s.e.m. (n = 8 cells); grey shading, range of firing rate 
ratios reported by Atallah et al.*. c, d, Similar to a, b, but for SST-ChR2 mice 
(n= 8). 
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Figure 2 | Effects of 1-s and 4-s laser stimulation on o in awake PV-ChR2 
and SST-ChR2 mice. a-e, 4-s activation of PV~ but not SST* neurons 
sharpened orientation tuning. a, An example neuron in a PV-ChR2 mouse. 
Top: firing rates with (red) and without (blue) laser stimulation. Shading 
indicates s.e.m. Bottom: tuning curves of the same cell with (red) and without 
(blue) laser stimulation; vertical lines indicate firing rate at each orientation, 
mean + s.e.m. b, Population summary of o in PV-ChR2 mice (n = 37 cells). 
Filled circles, cells with firing rate ratio <0; open circles, cells with firing rate 
ratio >0; black cross, mean =~ s.e.m. of the population. c, d, Similar to a, b, but 


Methods 


PV-Cre or SST-Cre mice were injected with AAV2/2 for ChR2 expression and 
implanted with head plates 2-3 weeks before recording. All procedures were 
approved by Animal Care and Use Committee at UC Berkeley. In anaesthetized 
mice (PV-ChR2, n = 8 mice; SST-ChR2, n = 8), juxtacellular recording was made 
under a two-photon microscope, and optogenetic stimulation was made with LED 
through the objective. In awake mice (PV-ChR2, n = 25; SST-ChR2, n= 21), 
recording was made with multichannel silicon probes. Visual stimulation, opto- 
genetic activation and data analysis followed ref. 10. Tuning width change was 
measured by Ojight-on — Mtight-orr- Firing rate ratio was measured during visual 
stimulation as (firing ratejgnt-on — firing ratejignt-opr)/(firing ratejjgnt-on + firing 
ratejight-OFE) 
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Atallah et al. reply 


REPLYING TO S.-H. Lee, A. C. Kwan & Y. Dan Nature 508, http://dx.doi.org/10.1038/nature13128 (2014) 


Solving discrepancies in the literature is critical for the advancement 
of science, and the Comment by Lee et al.' is thus welcome. It clarifies 
that there is no contradiction between the earlier study of Lee et al.? 
and our study’. The disagreement is in the interpretation of the results 
and in the model used to fit the data. 

Both studies*’ optogenetically perturbed the activity of inhibitory 
parvalbumin-expressing (PV  ) cells in mouse visual cortex and mea- 
sured the resulting impact on the orientation tuning width of pyramidal 
cells. Whereas Lee et al.” reported a narrowing of the tuning width, our 
study’ did not observe any systematic change. 

The most obvious effect on photoactivation of PV~ cells is the reduc- 
tion in the firing of pyramidal cells. Accordingly, we are glad that when 
Lee et al.’ (see accompanying Comment) consider the same range of 
pyramidal cell firing reduction as that described in our study’ (that is, 
up to ~50% reduction, for a ratio of —0.34), there is no narrowing of 
the tuning curve. This narrowing, on the other hand, is present when 
exploring larger reductions in pyramidal cell firing, consistent with the 
findings of Lee et al.’. 

These effects can be explained by the simple linear model with thresh- 
old proposed by our study’. In this model, the impact of PV* cells is to 
subtract and scale orientation tuning curves, unless the firing rate is 0. 
The model captures not only the data in our study’, but also the data 
points of the example cell shown in figure 1 of the Comment’. As illu- 
strated in our Fig. 1, this model fits the data very well, so all these results 
can be explained by a simple ‘iceberg effect’. 

Moreover, the model explains additional data obtained by our study’, 
which are not mentioned in the Comment’. Our study’ performed the 
reverse experiment, namely the optogenetic suppression of PV~ cells 
to increase pyramidal cell firing rate up to 250%, and again found that 
there was no systematic increase in tuning width. As described in our 
study’, the model explains this finding because once the iceberg is out 
of the water it cannot get wider by rising further. 

Therefore, one can fully reconcile Lee et al.’ and our study’ by point- 
ing out (1) that when one explores both intermediate and large reduc- 
tions in pyramidal cell firing rates one sees both effects (invariance and 
narrowing of tuning width, respectively, as the Comment does'); and 
(2) that when one uses the linear-threshold model’ one explains all of 
these effects. We believe that interpreting the data in the context of such 
a model is superior to comparing Gaussian functions fit to responses 
obtained with and without stimulation, as was done in Lee et al. ”. It is 
closer to the biological reality of a spike threshold, more parsimonious, 


Fl-Boustani et al. reply 


a b 1.0 
= xem 
0 45 N 
g f 
& 10 S 05 
2 © 
g $ 
e° 2 
i F ee ir 0 
0 90 180 270 360 0 90 180 270 360 


Orientation (°) Orientation (°) 


Figure 1 | The linear-threshold model captures the effects of increasing PV 
activation. a, Responses of a pyramidal cell to stimuli of different orientations, 
in control conditions (black) or in the presence of increasing PV cell activation 
(blue, moderate PV cell activation; red, stronger PV cell activation). The 

data are the same of those in figure 1 of Lee et al.', and were obtained with the 
Matlab function ‘grabit.m’. We did not consider a fourth set of points, with the 
lowest firing rate, as there are barely any data points above zero. The curves 
indicate the fits of the linear-threshold model introduced by our study’. b, The 
same curves as in a, rescaled to peak at 1, to illustrate a mild but progressive 
narrowing of tuning curves with increasing PV" cell activation. 


and therefore more informative as to the functional effect of PV cells 
on pyramidal cells. 
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REPLYING TO S.-H. Lee, A. C. Kwan & Y. Dan Nature 508, http://dx.doi.org/10.1038/nature13128 (2014) 


Several recent studies have examined the function of parvalbumin- 
expressing (PV*) and somatostatin-expressing (SST*) inhibitory 
neurons in V1 (refs 1-3). Although it is commonly agreed that these 
cell types alter the responses of pyramidal neurons in distinct ways— 
via divisive or subtractive inhibition—their specific roles remain a 
matter of debate. The Comment by Lee et al.* presents new data sug- 
gesting that the differences between the results of Lee et al.” compared 
to Atallah et al? and Wilson et al.' could be explained by the strength 
and duration of laser stimulation used to optogenetically activate these 


two classes of inhibitory neuron. The data presented by Lee et al.* now 
clarify that PV* neurons, when probed with small amounts of opto- 
genetic activation, do not significantly change the tuning of their target 
cells, confirming Atallah et al. and Wilson et al.’. The new SST™ results 
presented in the Comment show that SST* neurons can subtract res- 
ponses, consistent with Wilson et al.', but we suggest that the switch of 
function of SST* neurons in their data between short (1s) and long 
(4-5 s) stimulation reveals a core principle of inhibition in cortical 
networks rather than simply being a peculiarity of stimulation protocols. 
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The fundamental difference between these two conditions resides in the 
temporal overlap between inhibitory neuron activation and target-cell 
responses: when these overlap, inhibition is divisive (causing no change 
in tuning width of target neurons), but when they do not overlap, inhibi- 
tion is subtractive (and reduces tuning width). 

Lee et al.” found that activation of PV* neurons can reduce the 
orientation tuning width of target neurons, whereas Atallah et al.’ and 
Wilson et al.’ reported a divisive effect, mainly resulting in scaling down 
the orientation tuning curve without significant changes of tuning width. 
IfPV~ neurons are strongly stimulated with channelrhodopsin-2 (ChR2) 
by increasing the laser intensity or duration, they can markedly reduce 
pyramidal neuron responses and narrow their tuning widths, as expli- 
citly noted by Wilson et al. (see Supplementary Figs 6 and 7 of ref. 1)— 
both Wilson et al.* and Atallah et al.’ used only moderate amounts of 
PV" activation to avoid the ‘floor effect’ on target neurons. The new 
data presented by Lee et al.* (see Fig. 1) now show that moderate stimulation 
of PV* neurons does not result in substantial tuning width reduction, 
similar to the findings reported by Atallah et al.* and Wilson et al.’. 
However, in this stimulation intensity range, they do not report any 
gain modulation of target cell responses as observed by Wilson et al.’ 
and Atallah et al.*. This discrepancy, as well as the nature of the effect 
observed in the new data presented by Lee et al.*, remains to be clarified. 

Regarding SST* neurons, both Wilson et al.! and the new data pre- 
sented by Lee et al.* show that the effect of these neurons on target cells 
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Figure 1 | Schematic of the different experimental protocols used in Lee 

et al.’, Wilson et al.' and Lee et al.*. a—c, For each study (a, Lee et al.’; b, Wilson 
et al.'; c, Lee et al.* (accompanying Comment)), the left panel describes the 
control protocol where neuron activity is recorded during visual stimulation 
alone from pyramidal cells (PC), parvalbumin-expressing cells (PV~) and 
somatostatin-expressing cells (SST); the middle panel describes the same 
experiment when inhibitory neurons are activated with ChR2; and the right 
panel shows the resulting effect of ChR2 activation on target cell tuning curves 
for PV™ (blue, top) and SST* (pink, bottom) neurons. In the protocol 
description (left and middle panels), the visual stimulus duration (4s) is 
indicated in black, the time epoch during which the analysis has been 
performed (4, 3 or 3.1s) in red and the duration of ChR2 activation in blue 
(middle panel). The hatched red area indicates segment of the visual 
stimulation that was not always included in the analysis. Note that pulses are 
indicated by single blue lines (b) whereas continuous stimulation is indicated by 
a bar (a, c). Stereotypical responses of pyramidal neurons (grey) as well as PV" 
(blue) and SST* (pink) inhibitory neurons are depicted (left and middle 
panels), as well as the suggested effect of temporal co-activation on pyramidal 
neuron tuning width (arrows, right panel). 
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as measured after 1 s of laser stimulation is subtractive. This is in con- 
trast to the divisive effect found by Lee et al? when SST* neurons were 
stimulated during the entire duration of visual stimulation. Lee et al.* 
suggest that the new findings may be explained by SST to PV™ inhibi- 
tion and rebound of PV~ neuron activity after laser offset. We believe 
that this is unlikely, as direct (presumably stronger) activation of PV~ 
inhibition by 1 s of laser stimulation was not strong enough to reduce 
the tuning width, as reported by Wilson et al.’ and now by Lee et al.’. 

Instead, we suggest that this result can be explained by the response 
properties of different inhibitory neurons and their co-activation with 
target cells. The visual responses of SST* neurons are distinct from PV* 
or pyramidal neurons in terms of response latency’, size tuning curve® 
and correlation with nearby pyramidal cells’. Probing the function of 
inhibitory neurons using visual (as well as ChR2) stimulation invokes 
these response modes, which shapes their effect on pyramidal cells. 
Crucially, PV" neurons are routinely co-activated with pyramidal neurons 
by the visual stimuli used to measure tuning; such co-activation (even 
when ChR2-mediated inhibition is added in small amounts) fundament- 
ally divides pyramidal neuron responses. The inhibition that SST* neu- 
rons provide is a function of whether or not they are co-activated with 
target pyramidal neurons by visual stimuli and ChR2 (Fig. 1). Prolonged 
ChR2 stimulation of SST* neurons may force them to be co-active with 
pyramidal neurons during visual stimulation and the analysis time per- 
iod (Lee et al.), resulting in a divisive effect. Driving these neurons only 
during the initial segment of visual response, with pulse trains (Wilson 
et al.') or steady stimulation (Lee et al.*), may reduce the co-activation 
during the analysis period, resulting in a subtractive effect. More gen- 
erally, sustained ChR2 activation of inhibitory neuron subtypes is super- 
imposed not only on visual responses of neurons but also on complex 
inhibitory-—disinhibitory circuits*, making it difficult to resolve clearly 
the function of these subtypes in vivo. As the duration of ChR2-mediated 
stimulation of specific inhibitory neurons seems to determine the effect 
on target cells, the use of moderate single-pulse probes of light could 
reveal the core principles of direct inhibition in functioning visual cor- 
tex networks without the risk of fundamentally perturbing the ongoing 
network dynamics through recurrent inhibitory circuits’. 
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Disabling defences 1n the brain 


The identification of the enzyme plasmin as a defence against cancer cells that have spread to the brain, and of tumour-cell 
serpin proteins that inhibit plasmin production, outlines a mechanism for the formation of brain metastases. 


JANINE T. ERLER 


ost deaths from cancer are not caused 
M: the primary tumour. A cancer can 

spread from the primary tumour 
to other organs through a process known as 
metastasis, and it is the growth of metastatic 
tumours that ultimately compromises normal 
organ function and is responsible for more 
than 90% of deaths in cancer patients’. Brain 
metastases present one of the poorest progno- 
ses for cancer patients, and their rate of inci- 
dence is increasing’. Fortunately, metastasis is 
a highly inefficient process: fewer than 0.01% 
of cells that leave a primary tumour are able 
to colonize and grow in other organs’. The 
underlying molecular mechanisms that gov- 
ern initial metastatic cancer-cell survival and 
growth in secondary organs remain largely 
unknown and are an area of intensive research. 
Writing in Cell, Valiente et al.* show how 
cancer cells that have metastasized to the brain 
overcome death signals from host tissue cells 
and use the pre-existing vasculature to enable 
their proliferative growth. 

To form brain metastases, cancer cells must 
not only cross the blood-brain barrier — a 
cellular interface that selectively controls 
which molecules can pass between the blood- 
stream and the brain — but also survive in this 
new, very different environment, and obtain 
sufficient blood supply for proliferation into 
tumours. It has been known for some time 
that most cancer cells that manage to cross the 
blood-brain barrier die in the brain tissue’, 
and that those cells that survive are tightly 
associated with pre-existing capillary blood 
vessels°, using them as a blood supply in a 
process known as vascular co-option. Valiente 
et al. are the first to identify the mechanisms 
underlying these crucial steps. 

Using cultures of mouse brain slices and 
in vivo mouse models of brain metastasis, 
the authors show that proteins called anti- 
plasminogen activator (PA) serpins playa cru- 
cial part in allowing cancer cells to overcome 
death signals released by astrocyte cells in the 
brain. Anti-PA serpins are a family of protease- 
enzyme inhibitors that prevent the conversion 
of the molecule plasminogen into the enzyme 
plasmin’. The authors found that plasmin 
expressed by astrocytes not only induces 
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Figure 1 | Plasmin protection. a, Astrocytes in the brain produce plasminogen activator (PA) proteins 
that induce the production of the enzyme plasmin from its precursor plasminogen. Valiente et al.’ show 
that plasmin both induces the death of cancer cells that have spread to the brain, through action of the 
protein Fas ligand (FasL), and inhibits cancer-cell spread along capillaries, by inactivating the protein 
L1CAM. b, However, they also find that some cancer cells that have reached the brain express high levels 
of anti-PA serpin proteins, and suggest that the activity of these proteins aids the survival and spreading of 
metastatic cancer cells along blood vessels, enabling their proliferative growth and the formation of lethal 


metastatic tumours. 


apoptotic cell death (mediated by the protein 
Fas ligand) in cancer cells, but also prevents 
the cancer cells from binding to and spread- 
ing along brain capillaries, by inactivating the 
axon-pathfinding molecule LICAM (Fig. 1). 

Valiente and colleagues’ analysis of gene 
expression in brain-seeking lung and breast 
cancer cells revealed that various anti-PA 
serpins (most commonly neuroserpin and 
serpin B2) are highly expressed in such cells 
compared with non-metastatic cells from 
the primary tumour and also with metastatic 
cells targeting other organs. The researchers 
demonstrate that the action of these anti-PA 
serpins in preventing the function of plasmin 
allows cancer-cell survival and vascular co- 
option. In support of these findings, they show 
that expression of neuroserpin and serpin B2 
in primary human lung tumours was associ- 
ated with metastasis to the brain but not to the 
bone or other lung sites, and that these anti-PA 
serpins were highly expressed in patients’ brain 
metastases. 

This elegant study highlights the com- 
plex interplay between cancer cells and host 
(stromal) cells that is needed for metastasis. 
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Moreover, it demonstrates the intrinsic ability 
of cancer cells to adapt to inhospitable micro- 
environments. The work not only provides 
the first molecular insight into how cancer 
cells successfully colonize and grow in the 
brain, but also sheds light on how vascular co- 
option takes place, a process that has remained 
obscure despite being known as a key step in 
the metastasis of many cancer types. 

The study has several limitations. For exam- 
ple, the authors use an intracardiac mouse 
model of organ colonization, in which cells 
cultured in vitro are slowly injected into the 
bloodstream through the heart. Although this 
model is the best way of driving tumour-cell 
colonization of the brain, it does not recapitu- 
late the whole metastatic cascade. Thus, ‘brain- 
tropic’ tumour cells may use subtly different 
and, more importantly, multiple molecular 
mechanisms for brain colonization, survival 
and metastatic growth. Another issue is that the 
authors predominantly use human cancer-cell 
lines in mice that lack intact immune systems, 
and therefore do not fully recapitulate normal 
tumour-stromal cell interactions. However, 
they were limited by the fact that suitable 


models of spontaneous brain metastasis do 
not exist, and they did confirm several of their 
findings in mice with intact immune systems, 
using mouse cancer-cell lines. 

Metastasis from lung and breast cancers, 
as studied in this work, accounts for around 
two-thirds of human brain-metastasis cases, 
but it remains to be tested whether the mecha- 
nisms that the authors have uncovered also 
underlie brain metastases from other cancer 
types, such as melanoma. It will also be inter- 
esting to assess how these mechanisms relate 
to primary brain cancers, in particular because 
lowering of LICAM expression levels has been 
shown to induce apoptosis in cells of glioma 
tumours’. And, building a broader view of the 
molecular network outlined by the authors — 
for example, by analysing the role of integrin 
proteins, which bind to LICAM? and regulate 
cell spreading, or by assessing other genes 
upregulated in brain-tropic cancer cells — may 
provide a deeper understanding of the regula- 
tion of brain metastasis". 


IMMUNOLOGY 


A further aspect to consider is whether new 
therapies could result from this study. Valiente 
et al. show that blocking the function of Fas 
ligand can protect cancer cells from death in 
the brain. Thus, it would be interesting to test 
whether the addition of soluble Fas ligand 
might sensitize metastatic cells to apoptotic 
death and whether this pathway could be 
used as a therapy. Moreover, might target- 
ing certain PA proteins, such as tissue PA or 
urokinase PA, be an effective approach by 
which to combat metastasis, especially given 
that these are already targets of interest for 
anticancer therapy? 

Anti-PA serpins, plasmin, Fas ligand and 
LICAM are all associated with poor patient 
prognosis in many types of cancer, suggest- 
ing that Valiente and colleagues’ findings not 
only have advanced our understanding of 
metastasis to the brain, but also may have 
uncovered a more general mechanism of 
metastatic spread. It will be exciting to see 
whether the molecular players they identify 


A is for immunity 


If a pregnant mouse lacks vitamin A, her offspring are born with smaller lymph 
nodes and have impaired immune responses as adults — a finding that adds 
immune development to this vitamin’s list of key functions. SEE LETTER P.123 


GERARD EBERL 


itamin A has fundamental roles in 

embryonic development, reproduc- 

tion, bone metabolism, skin homeo- 
stasis and vision. Therefore, vitamin A 
deficiency has profound effects on the fetus 
and in early childhood, and is responsible for 
the high prevalence of childhood blindness 
and for many deaths in regions plagued with 
malnutrition. Another major role for vitamin A 
is in immunity — this has been known about 
for more than 40 years, but only fully investi- 
gated in the past decade. On page 123 of this 
issue, van de Pavert et al. report that vitamin A 
provided by a mother mouse to her fetus is 
required for the offspring to develop full-size 
lymph nodes, the organs in which adaptive 
immune responses are generated. As a conse- 
quence, newborn mice that have not received 
optimal vitamin A exposure in utero are more 
susceptible to infection. 

In the early 1970s, it was discovered’ that 
chickens deprived of vitamin A have low 
numbers of lymphocytes (cells of the adap- 
tive immune system, including T and B 
cells) and that injection of vitamin A boosts 
specific antibody responses and skin-graft 
rejection in mice’, indicating that the vita- 
min influences immune activity. Later work* 


showed that vitamin A regulates the balance of 
different types of lymphocyte-effector cell: 
supplementation of vitamin A in mice favours 
the emergence of type 2 T-helper cells, which 
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are important in other types of cancer, and 
whether similar tumour-stromal cell inter- 
actions permit metastatic growth in organs 
other than the brain. = 
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drive immunity to parasitic worms, over type 1 
T-helper cells, which drive antiviral responses. 

Research into the impact of vitamin A 
on immunology really took off when it was 
found that retinoic acid, a product of vitamin 
A metabolism, regulates the migration and dif- 
ferentiation of T cells in the intestine. Dendritic 
cells, which activate T cells and determine 
their activation and migration patterns, were 
found’ to express the enzyme retinaldehyde 
dehydrogenase, which converts retinol (the 
form of vitamin A required for vision) into 
retinoic acid. Binding of this metabolite to 
the retinoic-acid receptor (RAR), expressed 
by T cells, results in enhanced expression of 
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Figure 1 | Vitamin A regulates innate and adaptive immune responses. Van de Pavert et al.' show 
that the vitamin A metabolite retinoic acid and its receptor contribute to the expression of the hormone 
receptor RORyt, which is needed’ for the generation and maturation of type 3 innate lymphoid 

cells ([LC3s) from their precursor cells. In adults, [LC3s initiate inflammatory responses against 
microbial pathogens; in the fetus, they induce the development of lymphoid tissues by mimicking these 
inflammatory responses. Through its influence on this pathway, vitamin A deficiency has several effects 
on immunity: in adults, it leads to the preferential generation of type 2 innate lymphoid cells (ILC2s), 
which are involved in anti-worm immunity, tissue repair and allergic responses ; in the fetus, van de 
Pavert et al. show that lack of the vitamin causes the development of undersized lymphoid tissues and 


deficient adaptive immune responses after birth. 
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surface molecules that induce the T cells to 
migrate to the intestinal lamina propria’ — a 
layer of the body’s mucosal linings. Retinoic 
acid also promotes the generation of regulatory 
T cells®, which control inflammatory immune 
responses, and of pro-inflammatory T cells in 
a diseased intestinal environment’. 

Earlier this year, another effect of vitamin A 
on the immune system was uncovered. Fight- 
ing a virus, a bacterium, a worm or a wound 
requires different immune responses that are 
orchestrated by distinct types of T cell. It takes 
several days for the right T cells to be selected, 
instructed and multiplied in the lymph nodes, 
and then dispatched to the endangered tissue. 
But another cell family, termed innate lym- 
phoid cells (ILCs), can do a similar job within 
hours, responding directly to cues from sig- 
nalling molecules that are produced in the 
infected or injured tissues’. Just a few months 
ago, it was shown’ that vitamin A deficiency 
causes this response to shift from ILCs asso- 
ciated with the pro-inflammatory antibacte- 
rial activity of type 3 immunity (ILC3s), to an 
anti-worm and tissue-repair (type 2) response 
(Fig. 1). This finding suggested that malnutri- 
tion redirects the immune system to protect 
against large parasites that might compete for 
food. And it hinted at an even more fundamen- 
tal role for vitamin A in influencing immunity, 
because ILC3s are also the cells that induce the 
development of lymph nodes. 

One of the authors of the present study, with 
colleagues, had previously discovered that an 
unusual cell type accumulates in the developing 
lymph nodes of the fetus’®. Generation of these 
cells, called lymphoid tissue inducer (LTi) cells, 
requires the hormone receptor RORyt (ref. 11), 
which is also needed for the generation of type 3 
T cells’ and ILC3s°. It has since become clear 
that LTi cells are prototypical ILC3s that func- 
tion early in antimicrobial immune responses, 
and that their activity is harnessed in the fetus 
to induce lymph-node development through a 
process that essentially mimics an inflamma- 
tory response against pathogens. 

Now, van de Pavert and colleagues’ findings 
suggest that fetal LTi cells cannot be generated 
without retinoic acid. The authors show that 
retinoic acid induces the maturation of LTi 
cells from their precursor cells in developing 
lymph nodes by inducing RAR to bind the pro- 
moter region of the gene Rorc, which encodes 
RORyt, thereby initiating its expression. In 
mice that lacked functional RAR, mature LTi 
cells were less numerous and expressed lower 
levels of pro-inflammatory molecules, the 
lymph nodes were significantly smaller and 
the adaptive immune response to viral infec- 
tion was blunted, compared with mice that had 
normal RAR activity. 

Dendritic cells, demonstrated to be the 
source of retinoic acid in immune cells in 
adults, cannot be the source in the fetus 
because dendritic cells colonize developing 
lymph nodes only around the time of birth. 
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Some of the authors of the current study had 
previously suggested that retinoic acid con- 
tributes to lymph-node development”, and 
proposed that retinoic acid in the fetus is syn- 
thesized by nerves, which express high levels 
of retinaldehyde dehydrogenase. Now, van de 
Pavert et al. show that lymph-node size and the 
efficiency of immune responses are impaired 
in mice whose mothers were fed vitamin-A- 
deficient diets during pregnancy — suggesting 
the possibility that the mother is responsible 
for both the absorption of vitamin A from food 
and its conversion to retinoic acid. 

In light of these results, the lasting effects of 
malnutrition on public health cannot be over- 
estimated. Maternal and childhood vitamin A 
deficiency may not only cause severe physical 
handicaps but also undermine the efficacy of 
childhood vaccination campaigns in already 
impoverished regions. Pregnant women who 
smoke or drink are at heightened risk of pass- 
ing on immune-development deficiencies 
to their children, because both smoking and 
alcohol consumption are associated with vita- 
min A deficiency. Conversely, diets too rich in 
vitamin A may contribute to the increase 


SOLAR SYSTEM 


in inflammatory conditions that is occurring in 
the industrialized world. Thus, it seems that 
a careful balance of vitamin A — dietary or 
supplemented — is desirable. m 
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Ring in the new 


Planets are no longer the only Solar System bodies sporting ring systems. Two 
dense rings have been detected encircling a Centaur object — a relatively small, 
icy interloper from the distant reaches of the Solar System. SEE LETTER P.72 


JOSEPH A. BURNS 


o date, rings containing icy and rocky 

particles have been known to orbit 

only the four giant planets in the Solar 
System, most notably Saturn'. Now, continu- 
ing nature’s excellent track record of upending 
the firm beliefs of planetary theorists, a fully 
developed ring system has been detected 
surrounding the Centaur object (10199) 
Chariklo, as Braga-Ribas et al.” report on 
page 72 of this issue. 

Centaurs are relatively small icy bodies that 
travel along short-lived, moderately elliptical 
orbits in the region of the giant planets. The 
discovery was made when Braga-Ribas and 
colleagues stationed an armada of small tele- 
scopes across a 1,500-kilometre-wide swathe 
of South America to watch as the enigmatic 
Chariklo crossed in front of a star (Fig. 1). 
Astronomers use such stellar occultations just 
as a motorist gauges an obstacle’s location and 
silhouette on a dimly lit highway by watch- 
ing background lights flicker as the obstacle 
passes before them. Here, the authors sought 
to use this technique to refine Chariklo’s size 
and to determine its shape during a predicted 
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occultation. But they — and we — got much 
more. 

Chariklo’s rings are not the first to be dis- 
covered by occultation. Although planetary 
experts’ had maintained for decades that 
special circumstances had led Saturn, alone 
among the planets, to sport rings, a complex 
ring system was detected** nestled within a few 
radii of Uranus during an occultation in 1977. 
In the following decade, many occultations 
probed Neptune's surroundings, but only occa- 
sionally was the star observed to flicker, and 
then on just one side of the planet®. Eventu- 
ally, the realization struck that the hit-and- 
miss nature of these few successful detections 
could be explained if Neptune’s rings were 
restricted to localized arcs covering about 10% 
of the rings’ circumference’. Images obtained 
with the Voyager 2 spacecraft confirmed® this 
unexpected morphology in 1989. 

This is not the first time that Chariklo has 
surprised observers. Following its discovery in 
1997, the object's brightness systematically and 
mysteriously dropped by 40% (ref. 9), and its 
strong water-ice signature gradually faded”, 
only to have these trends reverse since 2008. 
The identification of Chariklo’s rings now 


Figure 1 | Chariklo’s rings. When a Solar System body transits in front of a star, blocking its light, the 
star will blink off for an interval proportional to the length of the chord across the body. Observing 

such a stellar occultation, Braga-Ribas et al.” detected two dark rings surrounding Chariklo, a Centaur 
object with a radius of about 125 kilometres. The inner ring, centred at 391 km, is about 7 km across and 
extinguishes roughly 40% of the star’s light. A clear gap of about 9 km separates it from the outer ring, 
which is centred at 405 km, is roughly 3 km wide and removes about 5% of the starlight. The star’s track 
(dotted lines) crossed previously unknown rings as seen from several separate sites, including the La Silla 
Observatory in Chile, which obtained the highest time resolution. The star’s path (dashed line) seen from 
another observatory missed the rings. Chariklo is darker than drawn here. (Illustration adapted from 


Fig. 2 of the paper’.) 


explains these puzzling decreases in brightness 
and spectral intensity: they occur as ice-rich 
rings, which have 15% of Chariklo’s surface 
area but 3 times its reflectivity, become edge- 
on when viewed from Earth. Like so many 
baffling observations in science, the answer is 
obvious once its explanation is known. 

Of the four planetary ring systems, that 
of Uranus provides the closest analogue to 
Chariklo’s pair. Its dozen or so isolated, coal- 
black rings — most only a few kilometres 
wide, with crisp edges and sometimes slightly 
variable widths — are separated by clear gaps. 
Small moons known as shepherd satellites 
were suggested" to prise open lanes in the 
Uranian rings and to confine their edges. In 
this mechanism, high-order gravitational per- 
turbations of moons generate repulsive torques 
on nearby disks of orbiting material. 

To be effective at their task, the shepherds 
need to have masses comparable to those of 
the ringlets they herd. In other words, the 
moons should be perhaps a few kilometres 
in radius — too small to be visible through a 
ground-based telescope. When Voyagers 1 and 
2 subsequently spied two tiny moons herding 
Saturn’s F ring, another pair guiding particles 
in Uranus’ ¢ ring, and also the small moon Pan 
in the Encke gap in Saturn’s A ring, this clever 
mechanism became enshrined as fact’. It is 
now routinely called upon to explain openings 
and confined rings in all sorts of astrophysical 


disks, even in the protoplanetary disks within 
which planets form. 

Naturally, then, Braga-Ribas and co-authors 
hypothesize that hidden small shepherd sat- 
ellites account for the gap between Chariklo’s 
rings as well as the crisp peripheries of both 
rings. But a dirty secret of planetary rings 
should be exposed: following exhaustive 
searches since 2004 using the Cassini space- 
craft, it is almost certain that none of the 
numerous gaps in Saturn’s C ring and in its 
Cassini Division (a low-density band between 
Saturn’s main A and B rings) harbour any 
shepherds of the requisite size’. 

Perhaps the physics missing in our attempts 
to explain such ring features as gaps will be 
revealed by investigations of Chariklo’s much 
simpler system. Its rings extend a mere three- 
thousandth the dimensions of Saturn’s; indeed, 
its entire retinue could slip — with much room 
to spare — through the largest gaps at the outer 
and inner edges of Saturn’s rings. Circular 
orbital speeds in the ring regions surround- 
ing the planets and Chariklo scale with the 
size of the central body, and are merely tens 
of metres per second for Chariklo’ ring par- 
ticles. Relative speeds between adjacent parti- 
cles in Chariklo’s rings will allow collisions that 
thicken the rings, whereas Saturn’s rings, with 
their higher orbital speeds, are much thinner. 
The reduced gravity, low speeds and result- 
ing gentle collisions at Chariklo permit ring 
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dynamics to be investigated in a previously 
unimagined regime. 

How might such a diminutive ring system 
have formed? Given Chariklo’s relatively small 
gravitational influence, it seems improbable 
that its rings formed contemporaneously with 
the processes that gave birth to the Centaur 
itself. A more likely scenario is one similar to 
that proposed for the origin of our Moon”, in 
which a nearly catastrophic collision between 
the primordial Earth and a Mars-sized object 
lofted copious impact ejecta into an orbiting 
disk, from which the Moon subsequently 
formed. Whatever its cause, as this disk spreads 
out by a few Chariklo radii, the largest shards 
in the disk could shepherd the remaining disk 
material. 

An alternative model arises from the fact 
that about five per cent of Centaurs and Trans- 
Neptunian Objects have small companions, 
possibly obtained as a result of three-body 
interactions”. Such satellites may be gently 
disrupted by impacts of interplanetary debris. 
At Chariklo’s ring distances, orbital speeds are 
low, but some of the impact ejecta will depart 
from their source even more slowly, imply- 
ing that a ring-like tube of fragments might 
enshroud the satellite’s orbit’. 

The detection of rings around Chariklo will 
startle many planetary theorists. But so it has 
always been in planetary exploration: theoreti- 
cal ideas rarely generate searches that lead to 
discovery — rather, discoveries such as this 
prompt us to new understandings. m= 
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VASCULAR BIOLOGY 


Brain vessels 
squeezed to death 


A study finds that contractile cells that surround the capillary vessels of the brain 
control the blood supply to healthy neurons, and that their death may aggravate 
brain injury by strangling vessels. SEE ARTICLE P.55 


DANIEL M. GREIF & ANNE EICHMANN 


he human brain’s two billion neurons 
| are supplied with oxygen and nutrients 
by a network of cerebral blood vessels 
that equates to around 700 kilometres in 
length. Most of these blood vessels are tiny 
capillaries surrounded by contractile sup- 
porting cells called pericytes. When a major 
vessel that supplies blood to the brain 
becomes obstructed, capillary blood flow 
is interrupted, and this may deplete the 
brain’s oxygen supply, causing rapid loss of 
neuronal function, cell death and stroke. 
In this issue, Hall et al.’ (page 55) show that 
pericytes have a crucial role in the normal 
regulation of cerebral blood flow, and that 
a lack of oxygen causes pericyte death and 
constriction of capillaries. 

Around 140 years ago, the French physiolo- 
gist Charles Rouget observed’ a population 
of cells lying in close proximity to capillary 
cells, which he hypothesized were involved in 
vessel contraction. Although initially termed 
Rouget’s cells, they were subsequently named 
pericytes, to describe their location around 
capillaries. Of all the organs in the body, the 


a Normal flow 


Red blood cell 


Endothelial cell 


brain has the highest density of pericytes. Brain 
pericytes are known to be needed for the devel- 
opment and maintenance of the blood-brain 
barrier**, which regulates exchanges between 
the brain and its vasculature, and to be 
involved in diseases associated with this inter- 
face°. However, the additional role for pericytes 
first suggested by Rouget — regulating cerebral 
blood flow — has not been demonstrated in 
the brain in vivo until now. 

Neuronal activity stimulates blood supply by 
causing vessel dilation, a fact that is exploited 
by functional magnetic resonance imaging to 
allow mapping of the brain regions that are 
associated with different tasks. To determine 
the role of pericytes in vasodilation, Hall et al. 
first investigated the molecular signals regu- 
lating capillary dilation induced by neuronal 
activity in slices of rodent cerebellum. The 
authors found that pericytes relax their grip 
on capillaries in response to glutamate mol- 
ecules, the key excitatory neurotransmitters 
in the brain. This causes the capillaries to 
dilate, directing more blood to active brain 
regions (Fig. la). 

Next, the researchers investigated which 
branches of the cerebral vasculature are 


b Obstruction 


responsible for dynamic alterations in vessel 
diameter and blood flow. For example, is dila- 
tion of larger arterioles, induced by neuronal 
activity, sufficient to cause an increase in blood 
flow in smaller capillaries’, or is vasodilation 
initiated at capillaries? Previous research*® from 
the same group demonstrated that electrical 
stimulation of pericytes (which mimics neural 
activity) in isolated rodent retinas alters capil- 
lary diameter at the pericytes. 

In the present study, Hall and colleagues used 
in vivo live imaging of vessels in the somatosen- 
sory cortex region of the mouse brain — which 
responds to sensory inputs — after electrical 
stimulation of the animal’s whisker pad. In 
doing so, they demonstrated that relaxation of 
pericytes at the capillary level precedes relaxa- 
tion of smooth-muscle cells (which surround 
larger arterioles and are involved in cerebral 
blood-vessel constriction) by about 1 second. 
Thus, pericytes surrounding capillaries initiate 
changes in local blood flow in response to neu- 
ronal activity, and thereby provide a sensitive 
control mechanism to match neuronal activity 
and blood supply throughout the brain. In sup- 
port of the idea that capillaries are a primary 
site of cerebral blood-flow control, the termi- 
nals of one neuronal subtype (noradrenergic 
neurons) are typically found in proximity to 
capillaries, rather than near to arterioles’. 

Hall et al. report that the resting diameter 
of capillaries is larger in areas where pericytes 
are present than in areas that lack these cells. 
Electrically stimulated dilations were more 
frequent and of larger magnitude in capillary 
areas with pericytes. Previously, embryonic 
mice that lack brain pericytes have been shown 
to develop microaneurysms”. Together, these 
results indicate that pericytes play a key part 
in the regulation of blood-vessel size. It would 
be informative to remove or reduce pericyte 


¢ No-reflow phenomenon 


Figure 1 | Cutting off the blood supply to the brain. Hall et al.’ report that pericytes, which surround the endothelial cells that form capillaries, are involved 

in regulating cerebral blood flow. a, Blood flows into capillaries from feeding arteries. In response to neuronal activity, pericytes relax their grip on cerebral 
capillaries, causing blood-vessel dilation and increasing the oxygen supply to active neurons. b, Obstruction of a cerebral artery (which mimics the effects of ischaemic 
stroke) results in pericyte constriction and death, limiting blood flow and oxygen supply to neurons in the brain. c, The authors hypothesize that the no-reflow 
phenomenon occurs because of rigor mortis in dead pericytes, which causes continued strangulation of capillaries even after a blocked artery is reopened. 
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numbers in the central nervous system of 
adult mice, or to block the pericyte’s ability to 
contract. Subsequent analysis of the changes 
in cerebral capillary blood flow induced by 
neuronal activity in these animals compared 
with controls would help to delineate a more 
precise role for pericytes in regulating blood 
flow in the brain. 

Ischaemic stroke, caused by a lack of blood 
to the brain, has devastating effects. Treatments 
are limited because reperfusion strategies that 
aim to restore blood supply are effective within 
only around 4.5 hours of the onset of symp- 
toms. Treatment efficacy is limited by time 
because reperfusion is impaired when the 
reopening of a large artery is delayed (known 
as the no-reflow phenomenon). Although 
controversial, persistent pericyte contraction 
after ischaemia has been implicated as a cause 
of the no-reflow phenomenon in capillar- 
ies’. Hall and colleagues demonstrate that, 
on exposure of rat brain slices to conditions 
simulating ischaemia, capillaries constrict and 
then pericytes die (Fig. 1b). Furthermore, the 
authors found that in rats, temporary obstruc- 
tion ofa cerebral artery in vivo induces substan- 
tial death of pericytes, but not of endothelial 


PLANETARY SCIENCE 


cells that make up the blood vessels. 

Hall and co-workers suggest that the long- 
term reduction of cerebral blood flow after 
reperfusion ofa blocked artery may be at least 
partly attributable to pericyte rigor mortis — 
literally ‘the stiffness of death’ (Fig. 1c). In rigor 
mortis, stiffness results from a lack of ATP 
molecules, which prevents myosin and actin 
— two proteins that interact to cause muscle 
contraction — from being separated from 
one another. 

The concept of prolonged vasoconstriction 
due to strangulation by dead pericytes raises 
several questions that require further inves- 
tigation. Why are pericytes, as opposed to 
other cell types such as endothelial cells, 
particularly susceptible to ischaemia-induced 
death? Can pericyte death be prevented, 
and will this inhibit the no-reflow phenom- 
enon? Is pericyte rigor mortis a factor in this 
phenomenon after injury in other tissues, par- 
ticularly in the heart following a heart attack? If 
this model of ischaemia-induced pericyte rigor 
mortis remains robust in the face of further 
analysis, it may pave the way for approaches to 
combat ischaemic injury that prevent pericyte- 
induced loss of a tissue’ ability to reperfuse. m 


A chronometer for 


Earth’s age 


Simulations of Earth’s growth show a correlation between the timing of the 
Moon’s formation and the amount of mass that Earth accreted afterwards. This 
relationship provides a way of measuring the age of our planet. SEE LETTER P.84 


JOHN CHAMBERS 


he age of the oldest objects in the Solar 

System is known with remarkable preci- 

sion — 4,567 million years” — thanks 
to recent strides in the dating of meteorites. 
Unfortunately, applying the same dating 
methods to Earth yields an age that is frus- 
tratingly fuzzy. Our planet formed sometime 
during the first 150 million years of the Solar 
System’s history**, but we do not know when. 
On page 84 of this issue, Jacobson et al.° pro- 
pose a way of measuring the time at which 
Earth finished forming using numerical simu- 
lations of the planet’s growth and its chemical 
composition. Their result: Earth formed in 
95 million years, with an uncertainty of about 
32-39 million years, making the planet about 
4,470 million years old. 

A big part of the problem with dating Earth 
is that our planet did not appear overnight. 
Starting from humble beginnings, Earth grad- 
ually accumulated material over an extended 


period of time. Indeed, it is still gaining 
mass today in the form of meteorites and 
interplanetary dust particles. What is needed 
isa milestone in Earth's growth at which we can 
say that the planet was essentially complete. A 
widely adopted milestone is the major colli- 
sion with a planet-sized body that is thought 
to have formed the Moon’ (Fig. 1). Current 
theory suggests that Earth experienced sev- 
eral of these ‘giant impacts’ during its forma- 
tion, with the Moon-forming impact being 
the last. Each impact mixed together material 
that would end up in Earth’s metallic core and 
rocky mantle, as well as adding bulk to both. 
The prolonged nature of Earth’s growth and 
the existence of multiple giant impacts compli- 
cate the task of dating Earth using radiometric 
clocks — those that combine known decay 
rates of radioactive materials with measure- 
ments of how these materials and their decay 
products are distributed within Earth today. 
For one thing, it is unclear just how much 
mixing of core and mantle material occurred 
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with each giant impact, and to what extent the 
radiometric clocks were reset as a result. 

Earth probably retains a memory of several 
of these events, rather than just the last one. 
Giant impacts may have ejected some of the 
planet’s more volatile elements into space, dis- 
torting radiometric dating systems that assume 
that all of the radioactive decay products are 
still present. It is also possible that Earth’s core 
and mantle continued to interact for some time 
after the last giant impact. 

This is where modelling the growth of our 
planet could pay dividends. The formation 
of the Sun’s rocky planets probably passed 
through several stages*, beginning with 
micrometre-sized dust grains in the nascent 
Solar System, proceeding to asteroid-sized 
bodies known as planetesimals, and then to 
a few dozen Moon-to-Mars-mass planetary 
embryos. The accumulation of these plan- 
etary embryos into the modern rocky planets 
through occasional giant impacts was by far 
the slowest stage, and it largely determined 
how long Earth took to form. 

Jacobson et al. have modelled this final 
growth stage, beginning with various popula- 
tions of planetary embryos and planetesimals. 
They also examined two widely different sce- 
narios for what the giant planets of the Solar 
System were doing during this time. En route, 
the authors found an interesting and remark- 
ably robust correlation: the timing of the last 
giant impact on Earth is inversely related to 
the amount of mass the planet accumulated 
afterwards from leftover planetesimals. If 
the last giant impact occurred early on, there 
would have been plenty of planetesimals left 
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Figure 1 | Earthrise from the Moon. Jacobson et al.° find that the timing of the Moon-forming impact 
on Earth is inversely related to the amount of mass that the planet accumulated afterwards. 


for Earth to sweep up afterwards. If the last 
giant impact was late, few planetesimals would 
have remained, and Earth’s growth would have 
largely ceased. 

This correlation provides an independent 
way of dating the Moon-forming impact, 
provided that we can measure the amount of 
material that arrived subsequently. Fortunately, 
there is a way to do this. Several elements, 
such as iridium and platinum, show a strong 
tendency to move into Earth’s core. During 
the upheaval of each giant impact, these ele- 
ments leached from the planet’s mantle, bond- 
ing with heavy, iron-rich material destined to 
sink to the core. After the last giant impact, 
Earth's mantle should have been almost com- 
pletely stripped of iridium,platinum and 
their cousins. 

In practice, these elements are present in 
small amounts in the mantle, and in the same 
relative proportions seen in many meteor- 
ites’. To many researchers, this suggests that 
Earth acquired a fraction of its mass after the 
last giant impact, when the core and mantle 
had ceased separating. Jacobson et al. com- 
bine the measured mass of this extra material 
with the correlation from their simulations 
to date the Moon-forming impact and then 
deduce Earth's age. They find it very unlikely 
that Earth finished forming in the first 38 mil- 
lion years of the Solar System. Their favoured 
time — 95 million years — is compatible with 
some radiometric-dating estimates for when 
Earth’s core finished forming’, and makes 
Earth comfortably older than the oldest min- 
erals known to have formed in its crust"®. 
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Naturally, Jacobson and colleagues’ method 
is only as valid as our picture of how planets 
form. The standard model for planet forma- 
tion in the Solar System is far from complete, 
and it has had a torrid time lately trying to 
explain some aspects of extrasolar planetary 
systems, such as the existence of Earth-sized 


planets orbiting very close to their star’’. If 
conditions during the growth of the planets 
were different from those assumed by Jacobson 
et al., then the authors’ estimated age for Earth 
could be incorrect. 

Despite this caveat, it is encouraging to see 
studies that combine the fundamental physics 
inherent in numerical simulations of planet 
formation with the wealth of information 
available on Earth’s composition. Understand- 
ing how and when the Sun’s planets formed is 
immensely challenging, and researchers need 
every tool available. Studies such as the one by 
Jacobson and colleagues may be the best hope 
for understanding how and when our planet 
came to be. m 
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Clonal cooperation 


Widespread genetic heterogeneity in cells of human tumours poses a question: what 
prevents the fittest clone from taking over? A demonstration of interdependence 


between distinct clones might shed light on this puzzle. 


KORNELIA POLYAK & ANDRIY MARUSYK 


equencing of human cancer genomes has 

revealed a high degree of genetic hetero- 

geneity among cells of a given tumour’. 
In most cases, tumour growth is thought to 
be driven by the most ‘advanced’ cancer-cell 
subpopulation — that carrying the high- 
est number of cancer-driving mutations. 
However, the presence of many mutations 
that occur at only low frequency implies that 
tumours contain multiple subclones, and the 
relevance of these is not fully understood. On 
page 113 of this issue, Cleary et al.’ provide 
a potential explanation for some forms of 
intratumoral heterogeneity, by describing a 
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cooperative cellular interaction in mouse mam- 
mary tumours in which the presence of two 
types of clone is required for tumour formation. 

Mammary tumours induced by overexpres- 
sion of the Wnt1 gene are thought to originate 
in mammary epithelial stem cells*, which can 
differentiate into both the luminal and basal 
cells that make up mammary epithelial tissue. 
These tumour-initiating cells can therefore 
give rise to tumours composed of cancer cells 
with either basal or luminal features. It was 
previously established“ that the coexistence of 
these two lineages is maintained by paracrine 
interactions between the two cell types — that 
is, short-distance interactions mediated by 
signalling molecules — because only luminal 


cells produce Wnt1, and basal cells depend on 
this signalling protein to proliferate. The first 
report’ of Wnt1-induced mammary tumours 
noted that many tumours contain more than 
one clone, but the mechanistic basis of this 
heterogeneity had not been explored. 

Now, Cleary et al. find that, in a subset of 
Wnt1-induced mammary tumours, the basal 
cells harbour a potent cancer-driving muta- 
tion in the Hras gene that is not detected in 
the cancerous luminal cells. This suggests that 
the two differentiation lineages in the tumours 
represent different tumour clones. Both of 
these lineage-restricted clones are essential for 
tumour formation, because neither was able to 
generate tumours by itself when transplanted 
into secondary recipient mice, whereas the 
combined transplantation of both cell types 
was highly tumorigenic (Fig. 1). 

To study this interclonal cooperation fur- 
ther, the authors used transgenic mice in which 
Wntl expression is regulated by a gene pro- 
moter that requires the small molecule doxy- 
cycline for activity; in this model, the tumours 
regress following doxycycline withdrawal. 
Transplantation of cells from these inducible 
tumours into the mammary fat pads of wild- 
type mice or mice in which Wnt] is continu- 
ously expressed led to tumour generation in 
the presence of doxycycline in both cases. 
However, the transplanted tumours behaved 
differently in the two recipient strains after 
doxycycline withdrawal. Complete regres- 
sion occurred in the wild-type animals, 
although small numbers of residual tumour 
cells survived and led to tumour recurrence 
after doxycycline readministration. By con- 
trast, only partial regression was observed in 
mice continuously expressing Wnt1, and the 


Wnt1-driven tumour 


Luminal 
cancer cell 
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interaction 
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initial regression was followed by rapid tumour 
regrowth, despite the continued absence of 
doxycycline. 

Most surprisingly, the authors found a 
large number of Wnt1-transgene-expressing 
luminal cells from the recipient mice in these 
recurrent tumours, suggesting that the void left 
by loss of Wnt expression in tumour luminal 
cells can be filled by recruiting Wnt-expressing 
wild-type luminal cells. As with the parental 
tumours, both Hras-mutant basal cells and 
Hras-wild-type luminal cells were required 
for efficient tumour maintenance. 

Although this study provides convincing 
evidence for cooperation between basal and 
luminal clones and for the requirement of both 
cell types in Wnt1-driven tumours, extrapolat- 
ing these findings to explain subclonal intra- 
tumoral heterogeneity in human breast cancer 
is not straightforward. The reasons for this are 
that, first, the authors used a transgenic mouse 
model in which the transgene is expressed in 
a large number of mammary epithelial cells. 
Thus, biclonal tumours could have evolved fol- 
lowing tumour initiation in two independent 
cells that happened to be next to each other, 
rather than reflecting two subclones derived 
from a single initiating cell. The likelihood 
of two independently initiated transformed 
cells forming a single tumour mass in humans 
is very low, but the overall conclusions of 
the study regarding clonal cooperation are 
still valid. 

Second, the paracrine interdependence 
between basal and luminal cells, which ena- 
bles independent evolution within the two 
differentiation lineages in this mouse cancer 
model, might represent a special case that is 
not necessarily relevant to primary human 
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Figure 1 | Luminal and basal clones cooperate to form mammary tumours. Mammary tumours that 
develop in mice expressing the Wnt1 transgene are composed of heterogeneous mixtures of basal and 
luminal cancer cells. Cleary et al. show that, in some such tumours, neither luminal nor basal cancer 
cells alone can form a new tumour when injected into the mammary fat pads of tumour-prone mice, 
whereas mixtures of the two cell populations induce biclonal tumour formation with high efficiency. In 
such tumours, the basal cells also carry cancer-driving mutations in the Hras gene. Thus, it seems that 
paracrine interactions between the Hras-mutant basal cells and the luminal cells, which provide the Wnt1 
on which the basal cells depend, is required for the development of these cancers. 
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cancers. Although the Wntl pathway is one 
of the main cancer-causing pathways, Wnt1 
activation has rarely been observed in human 
breast cancers, and most such tumours do not 
depend on Wnt1 activity for growth. Paracrine 
signalling between basal and luminal cells 
plays a key part in normal mammary-gland 
development®”, but the degree to which these 
interactions are preserved in tumours is uncer- 
tain, especially given that most human breast 
tumours are thought to originate in luminal 
progenitor cells. Furthermore, because human 
breast tumours can take decades to evolve, the 
extent of intratumoral heterogeneity in such 
tumours is much higher*” than that in animal 
models. Although the existence of paracrine 
interdependence relieves competition between 
the lineage-restricted subclones, lack or loss 
of strict interdependence is expected to allow 
the fittest clone to take over the tumour. Thus, 
other mechanisms besides paracrine inter- 
dependence between clones may be respon- 
sible for intratumoral heterogeneity in human 
breast cancers. 

Despite these differences between the model 
and human cancers, Cleary and colleagues’ 
study will fuel the already-intense explora- 
tion of the functional and clinical relevance of 
intratumoral heterogeneity. More importantly, 
their results raise questions about the validity 
of assays for identifying tumour-initiating cells 
(also known as cancer stem cells) in human 
tumours that rely on transplanting single 
cells or homogeneous cell populations’®. Such 
assays would inevitably fail to determine the 
tumorigenic potential of clones that require 
cooperation with other cells. Many different 
experimental approaches, in combination 
with detailed molecular characterization of 
large cohorts of human tumours at different 
stages, will be required to answer the many 
lingering questions regarding intratumoral 
heterogeneity. Let us hope that acquiring a 
better understanding of this phenomenon will 
not only be of scientific interest, but also lead 
to improved treatment for cancer patients. m 
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Capillary pericytes regulate cerebral 
blood flow in health and disease 


Catherine N. Hall'*, Clare Reynell'*, Bodil Gesslein?*, Nicola B. Hamilton!*, Anusha Mishra’, Brad A. Sutherland’, 
Fergus M. O’Farrell', Alastair M. Buchan®, Martin Lauritzen?* & David Attwell 


Increases in brain blood flow, evoked by neuronal activity, power neural computation and form the basis of BOLD (blood- 
oxygen-level-dependent) functional imaging. Whether blood flow is controlled solely by arteriole smooth muscle, or also 
by capillary pericytes, is controversial. We demonstrate that neuronal activity and the neurotransmitter glutamate evoke 
the release of messengers that dilate capillaries by actively relaxing pericytes. Dilation is mediated by prostaglandin E2, but 
requires nitric oxide release to suppress vasoconstricting 20-HETE synthesis. In vivo, when sensory input increases blood 
flow, capillaries dilate before arterioles and are estimated to produce 84% of the blood flow increase. In pathology, 
ischaemia evokes capillary constriction by pericytes. We show that this is followed by pericyte death in rigor, which 
may irreversibly constrict capillaries and damage the blood-brain barrier. Thus, pericytes are major regulators of cerebral 
blood flow and initiators of functional imaging signals. Prevention of pericyte constriction and death may reduce the 
long-lasting blood flow decrease that damages neurons after stroke. 


Pericytes are isolated contractile cells on capillaries that may regulate 
cerebral blood flow’, in addition to stabilizing newly formed capillaries’, 
maintaining the blood-brain barrier*®, contributing to the ‘glial scar’ in 
pathology’, and having stem cell properties*. Pericytes can be constricted 
and dilated by neurotransmitters in vitro'’, through poorly understood 
signalling pathways, and capillary blood flow heterogeneity might reflect 
differences in pericyte tone’’””. Pericytes can constrict in vivo, but it 
was suggested’ that they do not relax actively to increase blood flow”. 
Similar controversy surrounds the effect of pericytes on blood flow in 
pathology’*"*. We have now characterized the responses of pericytes 
in the neocortex and cerebellum to neuronal activity and ischaemia. 
We demonstrate that, unexpectedly, pericytes are the first vascular 
elements to dilate during neuronal activity, making them the initiators 
of functional imaging signals. Furthermore, they die readily in ischae- 
mia, and this is expected to promote brain damage. 


Signals that regulate pericyte dilation 

We assessed the signalling systems that dilate molecular layer capil- 
laries in cerebellar slices’, using 95% or 20% Oy in the superfusate to 
produce a supra-normal or a physiological O2 concentration, [O,], in 
the slice’*’”. Capillaries were defined as vessels of less than 10 um dia- 
meter and lacking a continuous layer of smooth muscle. Their diameter 
was larger (P = 0.00023) at the lower [O.] (5.36 + 0.30 um (mean + 
s.e.m., 1= 59) in 20%, and 4.07 + 0.14 um (n= 154) in 95% Op). 
Capillary pericytes can be identified by labelling for the chondroitin 
sulphate proteoglycan NG2 or the PDGFRf receptor (Fig. 1a), or using 
mice expressing DsRed under control of the NG2 promoter’® (Fig. 1b, c), 
and are a different cell class from Ibal-expressing perivascular micro- 
glia or macrophages” (Fig. 1c). For neocortical capillaries in postnatal 
day 21 (P21) rats the pericyte soma density was 2.2 + 0.2 per 100 pm 
of capillary length (950 1m of capillary analysed in each of 11 confocal 
stacks). Pericytes extend processes along and around vessels (Fig. la—c), 
which regulate capillary diameter. 


The capillary diameter was extremely stable over the course of 60 min 
if no drugs were applied (see below). Application of noradrenaline 
(2 1M), to mimic its release from the locus coeruleus in vivo, pro- 
duced a sustained constriction mediated by pericytes’ (Fig. 1d, e), that 
was not affected by [O.] (Fig. 1f). Superimposing glutamate (500 11M), 
to mimic neuronal glutamate release’’, dilated capillaries at pericyte 
locations’ (Fig. 1d, g and Supplementary Video 1). As a percentage of 
the diameter without drugs, this dilation was twice as large with 20% as 
with 95% O, (Fig. 1h), possibly due to less production of vasocon- 
stricting 20-HETE (20-hydroxyeicosatetraenoic acid) in low [O2] (see 
below and Extended Data Fig. 1). Independent of [O,], most pericytes 
(72% in 95% Oz; 70% in 20% O ) constricted >5% to noradrenaline, 
and dilated >5% to glutamate (63% in 95% O. (n = 154); 66% in 20% 
O, (n = 59)), and most pericytes that constricted to noradrenaline also 
dilated to glutamate (71% in 95% O2; 78% in 20% O 2). Glutamate also 
dilated some capillaries in the absence of noradrenaline: in 20% O2, 29% 
(7/24) of pericytes dilated >5%, which is less (P = 0.005, chi-squared test) 
than the 66% of pericytes that dilated >5% after applying noradren- 
aline. In subsequent experiments noradrenaline was used to pre-constrict 
capillaries, to aid analysis of the signalling underlying glutamate-evoked 
dilation. 

These experiments do not establish which cells the noradrenaline 
and glutamate act on (they may be neurons, astrocytes or pericytes 
themselves’’) to release the downstream messengers that control peri- 
cyte tone. However, we can rule out the idea that noradrenaline generates 
20-HETE to constrict pericytes, because blocking 20-HETE synthesis 
with 1 uM HET0016 did not affect the noradrenaline-evoked constric- 
tion (Extended Data Fig. 2b, g). 

Glutamate releases nitric oxide (NO), a vasodilator, by activating NMDA 
(N-methyl-p-aspartate) receptors’* and an NO donor (DETA-NONOate, 
100 1M) evoked capillary dilation (Extended Data Fig. 2m). Block- 
ing NO synthase with L-N°-nitroarginine (L-NNA, 100 tM) reduced 
the glutamate-evoked dilation (Fig. 1i, 1; P= 0.002 from analysis of 


1Department of Neuroscience, Physiology and Pharmacology, University College London, Gower Street, London, WC1E 6BT, UK. Department of Neuroscience and Pharmacology and Center for Healthy 
Aging, University of Copenhagen, DK-2200 Copenhagen N, Denmark. ?Acute Stroke Programme, Radcliffe Department of Medicine, University of Oxford, Oxford OX3 9DU, UK. “Department of Clinical 


Neurophysiology, Glostrup University Hospital, DK-2600 Glostrup, Denmark. 
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Figure 1 | Signalling pathways that control capillary diameter. a, Capillaries 
in the molecular layer of rat cerebellum labelled using isolectin B4; pericytes 
(arrows) labelled with NG2 or PDGFRf antibodies. b, Cerebellar capillaries 
in NG2-DsRed mouse; pericytes are red. c, Neocortical capillaries in 
NG2-DsRed mouse; microglia labelled for Ibal. d, Rat cerebellar capillary 
response to 2 .M noradrenaline (NA) and superimposed 500 1M glutamate 
(Glut). Line shows lumen diameter. e, NA-evoked prolonged constriction 
(95% Oy; a large constriction is shown for clarity). f, Diameter in NA was not 
affected by [O2] (graphs show percentage of baseline diameter before drugs). 
g, Glutamate dilates capillaries (20% O.; a large dilation is shown for clarity). 
h, Dilation was larger in low [O,]. i, NOS blocker L-NNA (100 uM) inhibits 
Glut-evoked dilation (20% O.). j, Guanylyl cyclase blocker ODQ (10 1M) does 
not block dilation (20% Oz). k, Blocking 20-HETE production (HET0016, 

1 LM) abolishes the inhibitory effect of L-NNA (20% O32). 1, L-NNA reduces 
glutamate-evoked dilations at high and low [O,] (P = 0.002, ANOVA on all 
data; P values at each [O2] from post-hoc t-tests). m ODQ does not affect 
glutamate-evoked dilation. n, HET0016 abolishes effect of L-NNA. 

o, p, Blocking EP, receptors (L161,982, 1 [1M) inhibits glutamate-evoked 
dilation (0, 20% O,) at high and low [O,] (p). Data in d-p are from rat 
cerebellar capillaries. q, EP, block abolishes glutamate-evoked dilation in rat 
neocortical capillaries (20% O,). Drug effects on baseline diameter are in 
Extended Data Fig. 2. Data shown as mean + s.e.m. 


variance (ANOVA); L-NNA and other blockers used did not inhibit 
the noradrenaline-evoked constriction, see Extended Data Fig. 2). Unex- 
pectedly, the dilation was not affected by blocking guanylyl cyclase with 
ODQ (1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one, 10 uM, P= 1, 
ANOVA), so NO does not act by raising [CGMP] in the pericyte (Fig. 1j,m 
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and Extended Data Fig. 2e). However, when production of vasoconstricting 
20-HETE was blocked using HET0016 (111M), L-NNA no longer inhib- 
ited the dilation (Fig. 1k, n; P = 0.0005 from ANOVA on black bars in1 
and n), implying that NO promotes dilation by preventing 20-HETE 
formation. As a robust dilation occurs with both NO and 20-HETE 
synthesis blocked (Fig. 1k, n), another messenger must be active. Block- 
ing synthesis of epoxy derivatives of arachidonic acid with the inhibitor 
MS-PPOH (10 .M) did not affect the dilation (Extended Data Fig. 2i, 
ANOVA P= 0.92), but blocking EP, receptors for prostaglandin E, 
(with 1 uM L-161,982) greatly reduced it (Fig. lo-p, P = 0.001, ANOVA). 
A similar inhibition of capillary dilation by blocking EP, receptors was 
seen in neocortical pericytes (Fig. 1q, P = 0.004). Application of pros- 
taglandin E, (PGE) itself dilated cerebellar capillaries (Extended Data 
Fig. 2n). We therefore identify the messenger that dilates capillaries in 
response to glutamate as prostaglandin E, (ora related species active at 
EP, receptors), but this dilation requires NO release to suppress 20- 
HETE formation (Extended Data Fig. 1b). 

Glutamate (500 UM) or NMDA (100 1M) (Fig. 2a, b, d), or parallel 
fibre stimulation (Fig. 2c, d), evoked an outward membrane current in 
pericytes patch-clamped at —55 to —75 mV (sometimes preceded by 
a small inward current; Extended Data Fig. 3). The stimulation-evoked 
outward current was inhibited (P = 0.005, paired t-test) by blocking 
action potentials with tetrodotoxin (TTX) (Fig. 2c, reduced to 15 + 12% 
(n = 4) of its amplitude without TTX, not significantly different from 
zero, P = 0.28), whereas the NMDA-evoked current was unaffected by 
TTX (reduced by 12 + 19%, n = 5, P = 0.56), consistent with stimula- 
tion evoking the outward current by generating action potentials that 
release glutamate. The stimulation-evoked current of approximately 
30 pA is expected to hyperpolarize the cells by approximately 9 mV 
(see Methods) and decrease voltage-gated Ca** entry, causing active 
relaxation’ (although other Ca”* sources, and cyclic nucleotides, may 
also regulate contractile tone”””). Indeed, parallel fibre stimulation pro- 
duced a dilation of 14.9 + 3.1% in 21 capillaries in 20% O, (Fig. 2e-h and 
Supplementary Video 2), which (unlike the noradrenaline-evoked con- 
striction) was blocked by TTX and by blocking EP, receptors (Fig. 2g, h). 

An outward current at negative potentials is not consistent with acti- 
vation of glutamatergic ionotropic receptors, but is consistent with K* 
current activation. These data suggest that glutamate release generates 
PGE, which dilates the capillaries by activating an outward K" current 
in pericytes. PGE) similarly activates an outward K* current in aortic 
smooth muscle”’, and relaxes kidney pericytes”. 


Pericytes increase blood flow in vivo 


To assess whether pericyte relaxation regulates blood flow in vivo, we 
electrically stimulated the whisker pad (at 3 Hz) and used two-photon 
imaging of the vasculature (labelled with FITC-dextran) in somato- 
sensory cortex to monitor dilations of penetrating arterioles (entering 
the cortex from the pia) and capillaries, in anaesthetized mice expres- 
sing DsRed in pericytes (Fig. 3a). The capillary diameter in vivo was 
4.4 + 0.1 um in 633 capillary regions (Extended Data Table 1). Peri- 
cytes were visualized up to 200 jim deep in the cortex (layer 2/3). Brief 
whisker pad stimulation (2 s) evoked vessel dilations that peaked just 
after the end of the stimulation (~2.5 s, Fig. 3b). Longer (15 s) stimu- 
lation produced dilations that initially followed the same time course, 
then dilated further throughout the stimulation (Fig. 3b and Extended 
Data Fig. 4). Most imaging employed 15 s stimuli, which increased the 
response magnitude and measurement accuracy. Repeated stimulation 
gave reproducible responses (Extended Data Fig. 5a, b). We segmented 
the vasculature by the branching order of the vessels, zero being the pen- 
etrating arteriole, one being the primary capillary branching off the arte- 
riole, and so on (Extended Data Fig. 1; see Extended Data Table 1 for 
resting diameters, dilations and numbers of each vessel order). Whisker- 
pad stimulation dilated vessels of all orders (Fig. 3c and Extended Data 
Table 1). The fraction of vessels responding (that is, with a dilation >5%) 
was similar in penetrating arterioles and in first-order capillaries, whereas 


©2014 Macmillan Publishers Limited. All rights reserved 


NG2-DsRed 


Ss 
2 
€ 
e 
5 
oO 
0 10 20 
Time (min) 
d 804 
x 
& 
¢ 60 
o 
3 40 
xe} 
@ 
= 204 
6 
6 12 
Stim Glut NMDA 
f _ 10 
€ 
= 9 
5 
® 8 
gs 7 
a 
6 T T T 
0 5 10 15 
Time (min) 
9g 100; Control h _ Ps001. - 
a TIX S 20 P=0.017 
& WL161,982 £& 
S £ 
@ 
= 754 I fe) 
3 = 
: 2 
s E 
fay a 
21 if a 
50 <l 


Figure 2 | Pericyte membrane current and capillary dilation in cerebellar 
slices. a, DsRed-labelled patch-clamped pericyte in molecular layer of mouse 
cerebellum. Lucifer yellow from pipette overlaps with DsRed. b, Glutamate 
(Glut, 500M) and NMDA (100M) evoked outward current (—55mV). 

c, Parallel fibre stimulation (Stim, 12 Hz)-evoked outward current (—74mV) is 
blocked by 1 uM TTX. d Mean outward currents evoked by stimulation, 
glutamate and NMDA (b-d are in 95% O,). e, f, Parallel fibre stimulation 

(in NA 1 tM) in rat cerebellar slice evokes capillary dilation (20% O.). 

g, h, Constriction by NA (g) was unaffected by TTX or EP, block (L161,982), 
which abolished the stimulation-evoked dilation (h). P values from one-way 
ANOVA with Dunnett’s post-hoc tests. NA, noradrenaline. Data shown as 
mean = s.e.m. 


the frequency of capillary responses decreased with increasing order 
(Fig. 3c). 

Toestablish where vasodilation is initiated, we imaged different orders 
of vessel simultaneously. Strikingly, first-order capillaries usually dilated 
before penetrating arterioles (Fig. 3d, e and Supplementary Video 3), 
with vasodilation onset (assessed as the time to 10% of the maximum 
dilation) in the capillary being 1.38 + 0.38 s earlier than for the pene- 
trating arteriole (Fig. 3e, f, P= 0.015). Further along the vascular tree 
there was no significant difference in the time to dilation of simulta- 
neously imaged capillaries of adjacent order (Fig. 3fand Extended Data 
Fig. 5c). Thus, capillaries dilate before the penetrating arteriole feeding 
them. Averaging over all vessels of the same order (not just those imaged 
simultaneously) showed a similar faster dilation of capillaries than of 
penetrating arterioles (Fig. 3g), with the time to 10% of the maximum 
dilation for penetrating arterioles (3.7 + 0.3 s) being significantly longer 
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Figure 3 | Active dilation of capillaries by pericytes in vivo in mouse cerebral 
cortex. a, Confocal stack (90 um thick, maximum intensity projection) of 
FITC-dextran-filled vessels in vivo in somatosensory cortex of NG2-DsRed 
mouse (pericytes are red). Enlargement (single image) shows a penetrating 
arteriole (Oth order) giving off a capillary (first order) which splits into 
second-order branches. b, Response of 45 capillary regions to 2-s and 15-s 
whisker-pad stimulation. c, Percentage of vessel regions of different orders 
(number studied on bars) showing >5% dilation to stimulation. 

d, Simultaneous imaging (top, lines show measurement loci) of penetrating 
arteriole and first-order capillary: capillary dilates 3 s before arteriole 
(bottom, smoothing in d-g is explained in Methods and Extended Data Fig. 4). 
e, Dilation time course in simultaneously imaged penetrating arterioles and 
first-order capillaries. f, Time to 10% of peak dilation for (j-1)th order 

(third order for j = 4) vessel minus that of jth-order vessel (j is an integer = 1). 
Capillaries dilate faster than arterioles. g Dilation time course in all responding 
(>5%) penetrating arterioles and first- and second-order capillaries. Inset 
expands initial response. h, Time to 10% of peak dilation in all zero- to 
second-order responding vessels. i, Percentage of capillary locations with or 
without pericytes showing >5% dilations. j, Cumulative probability of capillary 
diameter changes (including ‘non-responding’ capillaries with <5% dilations) 
in 464 pericyte and 168 non-pericyte locations. Diameter changes <0% 
(constrictions) represent random changes and measurement error. k, Mean 
responses for distributions in j (P values from Mann-Whitney U-tests). Data 
shown as mean ~ s.e.m. 


than the values (~2.7 s) obtained for first- and second-order capillaries 
(P = 0.040 and 0.039 respectively, Fig. 3h and Extended Data Fig. 5d). 
As expected, the time course of the blood flow increase in capillaries, 
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Figure 4 | In ischaemia, pericytes constrict capillaries and then die in rigor. 
a, Top, capillary in a P21 rat cortical slice in normal solution. Bottom, capillary 
exposed to simulated ischaemia. Right, propidium iodide (PI, 7.5 uM) labelling 
after one hour, showing dead pericytes (P) and an endothelial cell (EC). 

b, Vessel diameters at regions indicated in a, over time (red lines are for 
diameter near pericytes that die). c, Mean diameter and number of dead 
pericytes per 100 um from nine capillaries in ischaemia (measured at 18 
locations) and six capillaries in normal solution (13 locations). Diameter in 
ischaemia was reduced from control (P = 1.3X10/° and 7.7 X 10!” at 30 and 
60 min). Pericyte death was higher in ischaemia at 40 and 60 min (P = 0.041 
and 0.021, Mann-Whitney U-test). A few pericytes also died on capillaries 

in non-ischaemic slices, but did not constrict capillaries (1.3 + 1.5% 

diameter decrease at three dead pericytes on two vessels). Data shown as 
mean = s.e.m. 


assessed from the speed of red blood cell movement with line-scanning” , 
was similar to that of the capillary dilation (Extended Data Fig. 5f). 

The faster dilation in capillaries compared to arterioles indicates that 
capillary dilation is not a passive response to a pressure increase produced 
by arteriole dilation. To assess whether pericytes generate this dilation, 
we measured the diameter changes of capillaries at locations where DsRed- 
labelled pericytes were present (either somata or processes, responses 
did not differ significantly at these locations; Extended Data Fig. 5e) or 
where no pericyte was visible. The resting diameter of capillaries was 
larger where pericyte somata or processes were present (4.62 + 0.09 Lim, 
n = 464) than in pericyte-free zones (3.72 + 0.08 jim, n = 168, Mann- 
Whitney P = 2.7X 10° ”), suggesting that pericytes induce an increase 
of capillary diameter. Dilations over 5% were much more frequent at 
pericyte locations (Fig. 3i; P= 7.5X 10” |’, chi-squared test), where the 
responses were also larger (P = 3.2X 10°, Kolmogorov-Smirnov test; 
Fig. 3j, k). These data confirm that pericytes actively relax to generate 
the capillary dilation. 
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Pericytes constrict and die in ischaemia 


A key question is whether pericyte control of capillary diameter also 
has a role in pathology. Pericytes constrict some retinal capillaries in 
ischaemia’, perhaps because pericyte [Ca*~ ], rises when ion pumping 
is inhibited by ATP depletion. Cortical capillaries also constrict fol- 
lowing middle cerebral artery occlusion’* (MCAO) in vivo. Clinically, 
reperfusion of thrombus-occluded arteries using tissue plasminogen 
activator can be achieved in 1 to 6 h”*”° but, even when arterial flow is 
restored, a long-lasting reduction of cerebral blood flow can ensue**”’. 
This may reflect pericyte constriction outlasting ischaemia”, but it is 
unclear why the constriction is so prolonged. We examined the effect of 
ischaemia on pericyte health using propidium iodide to mark cell death. 

Live imaging of cerebral cortical slices exposed to simulated ischae- 
mia (oxygen-glucose deprivation with ATP synthesis by glycolysis and 
oxidative phosphorylation inhibited with iodoacetate and antimycin) 
revealed that, within approximately 15 min, grey matter capillaries con- 
stricted at spatially restricted regions near pericytes (Fig. 4a—c). In con- 
trast, the diameter of capillaries not exposed to ischaemia was stable 
over 60 min (reduced by 3.2 + 3.0%, P = 0.31, n = 13; Fig. 4c). Although 
capillaries that were not exposed to ischaemia showed little pericyte death 
even after 1 hour (as assessed by propidium iodide labelling), ischaemia 
led to most pericytes on capillaries dying after approximately 40 min, 
usually at locations at which the earlier constriction had occurred. All 
capillaries exposed to ischaemia that we examined showed a consistent 
response, in which the pericytes first constricted the capillaries, and 
then died (Fig. 4c). Death of pericytes in rigor, after they have been con- 
stricted by a loss of energy supply, should produce a long-lasting increase 
in the resistance of the capillary bed. 

To sample more pericytes than is possible while live imaging the 
capillary diameter, and to examine mechanisms contributing to their 
death, we acquired confocal stacks of brain slices exposed to simulated 
ischaemia, which were then fixed and labelled for NG2 and/or isolectin 
B,. Ischaemia led to pericytes apposed to capillaries dying rapidly in 
both the white matter of the cerebellum (Fig. 5a, b) and the grey matter 
of the cerebral cortex (Fig. 5c, d). For pericytes exposed to simulated 
ischaemia as above, approximately 90% of pericytes died within 1 hour 
(Fig. 5b). This was unaffected by blocking action potentials (with TTX, 
11M) but was halved by blocking AMPA(a-amino-3-hydroxy-5-methyl- 
4-isoxazole propionic acid)/kainate (25M NBQX) or NMDA recep- 
tors (50M D-AP5, 50M MK-801 and 100u.M 7-chlorokynurenate), 
implying an excitotoxic contribution to pericyte death. When oxygen- 
glucose deprivation (OGD) alone was used (without antimycin and 
iodoacetate), to allow ATP generation when oxygen and glucose were 
restored, approximately 40% of pericytes died after 1 hour, but OGD- 
evoked death increased 1.5-fold during 1 h of reperfusion (Fig. 5c, d). 
Ionotropic glutamate receptor block or removal of external Ca** again 
significantly reduced the death (Fig. 5d), while blocking NO produc- 
tion had a small protective effect and lowering free radical levels by scav- 
enging O, ~ had no significant effect (Fig. 5d and Extended Data Fig. 6a). 
Blocking metabotropic glutamate receptors or 20-HETE production, 
which might prevent [Ca?*]; rises, or blocking mitochondrial calcium 
uptake, also had no effect (Extended Data Fig. 6b). 

Pericytes apposed to capillaries, unlike endothelial cells, also died in 
vivo after 90 min of MCAO (followed by 22.5 h recovery: Fig. 5e, f, and 
Extended Data Fig. 6c). In contrast, a sham operation occluding only 
the internal carotid artery (see Methods) produced less pericyte death, 
and a sham operation with no artery occlusion (which did not affect 
blood flow; see Methods) induced no more death than in naive untreated 
animals. Thus, pericyte death is a rapid response of the cerebral vascular 
bed to ischaemia, both in brain slices and in vivo. 


Discussion 


Understanding what initiates the blood-flow increase in response to 
neuronal activity is crucial for understanding both how information pro- 
cessing is powered and how functional imaging signals are generated”. 
Most neurons are closer to capillaries (~8.4 jum distant, in hippocampus”) 
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Figure 5 | Pericyte death in ischaemia. a, Rat cerebellar slice white matter 
capillaries labelled for NG2 and propidium iodide (PI) after 1 h of control 
(white arrow, living pericyte) or ischaemia solution containing antimycin and 
iodoacetate (red arrow, dead pericyte). b, Percentage of pericytes dead in 
control or after 1 h ischaemia (as in a) alone or with block of action potentials 
(TTX, 1 pM), AMPA/kainate receptors (25 uM NBQX), or NMDA receptors 
(50 uM D-AP5, 50 uM MK-801, 100 uM 7-chlorokynurenate); P values 
from one-way ANOVA with Dunnett’s post-hoc tests. c, Rat neocortical slice 
grey matter capillaries labelled for IB,, NG2 and PI after 1 h of control solution 
or oxygen and glucose deprivation (OGD). d, Percentage of pericytes (as in 
c) dead after 1 h OGD (No-reoxy) or OGD followed by 1 h of control solution 
(Reoxy) with no drugs, or with iGluR block (NBQX (25 1M), AP5 (50 uM) and 
7CK (100 1M)), zero [Ca**]o, NOS block (100 1M L-NNA), or free radical 
scavenging (150 1M MnTBAP or 100 uM PBN, pooled data from Extended 
Data Fig. 5a) throughout. OGD killed pericytes (P= 10 '°, ANOVA) and 
death increased during reperfusion (P = 3.3 X10"). iGluR block or zero 
[Ca**]9 reduced death (P = 2.7 X 10 * and 6.0 X 10”, ANOVA with 
Dunnett’s post-hoc test). Blocking NOS had a small protective effect 

(P = 0.026); reactive oxygen species (ROS) scavenging did not (P = 0.99). 

e, f, Confocal images of striatal capillaries labelled with IB, and PI (e) and 
percentage of striatal pericytes and endothelial cells that are dead (f) from the 
control and lesioned hemisphere of in vivo MCAO-treated rats (90 min, 
assessed 22.5 h later), sham-operated rats (with or without filament being 
inserted into the internal carotid artery (ICA)), and naive control animals. More 
pericytes die than endothelial cells (P = 10°, repeated measures ANOVA). For 
pericytes, but not endothelial cells, cell death is greater in lesioned hemisphere 
(main effect of hemisphere, P = 0.004; hemisphere-cell type interaction 

P= 0.003) and cell death is greater in MCAO-lesioned animals than in naive or 
sham animals without ICA occlusion (P = 0.005 and 0.01, Tukey post-hoc tests). 
See Extended Data Fig. 5 for data from cortex. Data shown as mean + s.e.m. 


than to arterioles (70 [1m distant”), suggesting that neurons might adjust 
their energy supply by initially signalling to pericytes (Extended Data 
Fig. 1a). Our data support this concept: neuronal activity leads to a release 
of messengers that activate an outward membrane current in pericytes 
(Fig. 2) and dilate capillaries before arterioles (Fig. 3). Capillary dilation 
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implies that there is a resting tone set by the pericytes, perhaps asa result 
of noradrenaline release from locus coeruleus axons, two-thirds of the 
perivascular terminals of which end near capillaries rather than arterioles”. 
Vascular diameter responses can propagate between adjacent pericytes”, 
but it is not yet known whether arterioles receive a signal to dilate from 
pericytes, or from vasoactive messengers which reach arterioles later than 
they reach pericytes. We have identified the cause of pericyte dilation 
as being EP, receptor activation, by PGE, or a related compound, although 
NO production is also needed to suppress synthesis of vasocontricting 20- 
HETE (Fig. 1 and Extended Data Fig. 1b). These mechanisms resemble those 
controlling arteriole dilation, and may reflect glutamate release activating the 
production of arachidonic acid and its derivatives in astrocytes or neurons”. 

The more frequent occurrence of capillary dilation at pericyte loca- 
tions (Fig. 3i-k), and the faster onset of capillary dilation than of arte- 
riole dilation in vivo (Fig. 3d—h) suggest that pericytes actively relax to 
dilate capillaries. Our data suggest that capillaries have two conceptually 
separate roles in regulating cerebral blood flow. First, being closer to neu- 
rons, they detect neuronal activity earlier than arterioles can, and may 
pass a hyperpolarizing vasodilatory signal back to arterioles (through 
gap junctions between pericytes or endothelial cells)"’. Second, capil- 
lary vasodilation itself contributes significantly to increasing blood flow. 
To assess the extent to which capillary dilations increase blood flow, 
we used data on the vascular tree in mouse cortex*’ (see Methods). For 
a mean arteriole dilation of 5.9% during prolonged (15 s) stimulation 
(Extended Data Table 1), a capillary dilation of 6.7% (averaged over all 
capillary orders, Extended Data Table 1) and ignoring venule dilation, 
the steady state blood flow was predicted to increase by 19%. Omitting 
the capillary dilation predicted a flow increase of only 3%. Thus, cap- 
illary dilation is estimated to generate 100X (19 — 3)/19 = 84% of the 
steady-state increase in blood flow evoked by neuronal activity, and cap- 
illaries dilate approximately 1 s before penetrating arterioles (Fig. 3d-h). 
These results suggest that BOLD functional imaging signals largely reflect 
capillary dilation by pericytes. 

For ischaemia, our data support, but modify, the suggestion that 
pericyte constriction’"* may be a cause of the long-lasting decrease of 
cerebral blood flow that occurs even when a blocked artery is opened 
up after stroke***’. It was previously envisaged that constriction of cap- 
illaries was by healthy pericytes and could be reversed by suppressing 
oxidative stress'*, whereas we find that, after ischaemia has constricted 
them (Fig. 4), pericytes die readily (Fig. 5). This death is mediated in 
part by glutamate, but is not reduced by free radical scavenging, sug- 
gesting that the constriction and death differ at least partly in their causes. 
Pericyte death in rigor will produce a long-lasting decrease of capillary 
blood flow”*, as well as a breakdown of the (pericyte-maintained**) 
blood-brain barrier. Both of these will contribute to ongoing neuronal 
damage, highlighting the potential importance of preventing pericyte 
death as a therapeutic strategy after stroke, particularly in the penum- 
bra of an affected region. To develop this approach, it will be necessary 
to develop small molecule inhibitors of pericyte death that could be 
administered, perhaps with tissue plasminogen activator, soon after a 
stroke has occurred. 


METHODS SUMMARY 


Brain slices from rats or NG2-DsRed mice were made and capillaries were imaged 
as described previously’. The fluorescence of DsRed-labelled capillary pericytes 
was used to identify pericytes for patch-clamping. Two-photon imaging of FITC- 
dextran-labelled cortical vessels and DsRed-labelled pericytes in vivo was performed 
in mice as previously described for cerebellum”. 


Online Content Any additional Methods, Extended Data display items and Source 


Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Mechanism of Tc toxin action revealed in 


molecular detail 


Dominic Meusch*, Christos Gatsogiannis'*, Rouslan G. Efremov'*, Alexander E. Lang’, Oliver Hofnagel', Ingrid R. Vetter’, 


Klaus Aktories** & Stefan Raunser!? 


Tripartite Tc toxin complexes of bacterial pathogens perforate the host membrane and translocate toxic enzymes into the 
host cell, including in humans. The underlying mechanism is complex but poorly understood. Here we report the first, to 
our knowledge, high-resolution structures of a TcA subunit in its prepore and pore state and of a complete 1.7 megadalton 
Tc complex. The structures reveal that, in addition to a translocation channel, TcA forms four receptor-binding sites and a 
neuraminidase-like region, which are important for its host specificity. pH-induced opening of the shell releases an 
entropic spring that drives the injection of the TcA channel into the membrane. Binding of TcB/TcC to TcA opens a 
gate formed by a six-bladed B-propeller and results in a continuous protein translocation channel, whose architecture 
and properties suggest a novel mode of protein unfolding and translocation. Our results allow us to understand Key steps of 


infections involving Tc toxins at the molecular level. 


Tc toxin complexes are virulence factors of many bacteria such as the 
plague pathogen Yersinia pestis and the insect pathogen Photorhabdus 
luminescens'~ >. Excreted by the bacteria as soluble proteins, Tcs bind to 
the cell surface, are endocytosed and perforate the host endosomal 
membrane by forming channels that translocate toxic enzymes into 
the host**. This damages and ultimately kills the target cells. Tcs with 
specificity for insects are receiving great interest as potential biopesti- 
cides for expression in transgenic plants as alternatives to Bacillus 
thuringiensis toxins®’. Tc toxins are composed of TcA, TcB and TcC 
subunits**. TcB and TcC together form a closed cage, in which the 
cytotoxic domain of TcC is autoproteolytically cleaved’. TcA forms a 
large bell-shaped pentameric structure”’®"’ and enters the membrane 
like a syringe, forming a translocation channel through which the 
cytotoxic domain is probably transported into the cytoplasm’. This 
unique mechanism differs from that of typical pore-forming toxins’ 
or other toxins that form translocation pores, for example, diphtheria’ 
and anthrax toxin'*. However, little is known about the force that 
drives this mechanism and how the three components interact with 
each other and with the host membrane to unfold and translocate the 
toxic domain. A greater understanding requires knowledge of the struc- 
tures of the Tc complex and its subunits in different states, that is, 
before and after membrane insertion. We use a hybrid approach com- 
bining X-ray crystallography and electron cryomicroscopy (cryo-EM) 
to determine the crystal structures of the prepore TcA (TcdA1) subunit 
and TcB-TcC (TcdB2-TccC3) subunits, the cryo-EM structures of 
TcA in its pore state and the complete Tc toxin complex PTC3. 


TcA has four receptor-binding domains 

To understand how the pentameric TcA subunit (TcdA1 from P. lumi- 
nescens) is built in molecular detail and how it functions, we solved its 
crystal structure—comprising 12,500 residues with a molecular weight 
of 1.41 MDa—at a resolution of 4.0 A (Fig. la and Supplementary 
Video 1). The TcA protomer is composed of eight domains (Fig. 1b, c). 
Six domains form the shell and are connected by a ~42 amino acid linker 
to two domains forming the inner channel (Fig. 1b). The pentamer is 


formed through the tight assembly of the protomers, which interact 
with all four other protomers (Extended Data Table 1a). 

The large extended o-helical shell domain (amino acids 14-297, 
434-1090, 1608-1632, 1762-1972) forms the inner scaffold of the shell 
(Fig. 1b). It contains over 60 irregularly arranged «-helices, including 
many short helices, and no B-strands, and can be separated into a larger 
and smaller lobe that are arranged perpendicular to each other (Fig. 1b). 
We could not identify any structural relative, suggesting that this struc- 
ture represents a previously unknown fold type. 

The a-helical shell domain contains three large insertions, forming 
a neuraminidase-like domain and four receptor-binding domains 
(Fig. 1b, c). The neuraminidase-like domain (1091-1307, 1581-1607), 
which is structurally homologous to neuraminidases'* (Extended Data 
Fig. 1), closes the bottom of the pentameric shell. The receptor-binding 
domains A-D (A, 298-433; B, 1308-1382, 1491-1580; C, 1383-1490; 
and D, 1633-1761) have an immunoglobulin (Ig)-like B-sandwich fold 
of two sheets with antiparallel B-strands (Extended Data Fig. 1). The 
domains are structurally reminiscent of the receptor-binding domains 
of the diphtheria’* and anthrax toxins’’, suggesting that these domains 
act as receptor-binding domains. Thus, in contrast with other toxins 
that contain only one or two receptor-binding domains'*”’”, TcA con- 
tains in total four putative receptor-binding domains. 

Remarkably, the amino- and carboxy-terminal regions of the two 
insertions that form the receptor-binding domains are located less than 
sA apart (distance between 273 and 433, and between 1089 and 1764), 
suggesting that the inserted domains were added to an originally 
simpler shell. Indeed, we found that several homologous toxins from 
P. luminescens and other species lack some of the domains (Extended 
Data Table 1b). This might also explain the different host specificity of 
Tc toxins. 

The pore-forming entity of TcA consists of a funnel formed by the 
TcB-binding domain (2328-2516) and a 200-A-long -helical central 
channel (Fig. 2a). Like the receptor-binding domains, the TcB-binding 
domain has an Ig-like B-sandwich fold (Extended Data Fig. 1). Each pro- 
tomer contributes an intertwined helical pair that bends in a left-handed 
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Figure 1 | Structures of the TcA prepore and pore complex. a, Top and side 
view of the TcA prepore pentamer. b, c, Side view of a TcA prepore protomer 
(b) and its domain organization (c). d, Top and side view of the TcA pore 
pentamer. e, Side view of a TcA pore protomer. 


helical 180° turn over the length of the channel, forming an antiparallel 
coiled coil in the upper and middle part of the pore. At the top, the 
channel is further fortified by five helices (one per monomer) that 
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Figure 2 | The TcA prepore channel. a, The central channel is composed of 
ten long antiparallel o-helices that are interrupted by short unwound regions or 
loops. Helices running downwards and upwards are coloured yellow and blue, 
respectively. Helices that connect the channel with the funnel are depicted 

in red. b, Depiction of positively (blue), negatively (red) charged and aromatic 
(yellow) residues facing the interior of the channel. One and two asterisks 
depict highly conserved and conserved residues, respectively. The bar diagram 
(green) represents the inner diameter calculated using 3 A steps. The numbers 
indicate the channel diameters at the respective height. The narrowest position 
of the channel is at tyrosine 2163 (yellow), which minimizes the diameter of 
the channel to 3.9 A (see inset). 


stabilize this region of the protein (Fig. 2a). At the bottom, the channel 
is closed by conserved B-turn loops formed by almost exclusively hydro- 
phobic residues (2141-2153) (Fig. 2a and Extended Data Fig. 2a, b). 

The outer surface of the lower end of the pore (pore surface residues 
between 2107-2158) is predominantly hydrophobic, confirming our 
previous prediction that this is the membrane-spanning part of the 
channel? (Fig. 2a and Extended Data Fig. 2b). Notably, a ring of 15 
arginines marks the upper end of the transmembrane region, indicating 
that this positively charged ring probably interacts with the negatively 
charged surface of the membrane and thereby stabilizes the pore within 
the lipid bilayer (Extended Data Fig. 2d). 


Transition from the prepore to pore state 


To reveal the mechanism of pore formation in molecular detail, we 
determined the structure of the TcA complex in its pore state by cryo- 
EM (Extended Data Fig. 3a-f) and built a molecular model derived 
from fitting the crystal structure of the TcA prepore into the cryo-EM 
structure (Fig. 1d, e and Extended Data Fig. 3g, h). Formation of the 
pore state is associated with marked conformational changes, result- 
ing in the opening of the shell and a 12 nm shift of the central channel 
(Supplementary Video 2). Besides the linker between the shell and the 
channel, the conformations of the domains themselves are not con- 
siderably different from in the prepore state. However, their positions 
respective to each other change considerably, resulting in a completely 
different overall conformation (Fig. 1d, e). Comparing the prepore 
and pore structures, we identified three major hinge regions that are 
responsible for the opening of the shell (Extended Data Fig. 4a, b). 
Whereas two hinges involve receptor-binding domains, allowing their 
rearrangement (Extended Data Fig. 4c, d), a hinge between the two 
lobes of the o-helical shell domain is essential for the opening of the 
shell (Extended Data Fig. 4e). Notably, the arrangement of the four 
receptor-binding domains of TcA resembles the ectodomains of the 
interferon receptor IFNAR2 (ref. 18), suggesting that the different 
large-scale reorganization of these domains in the two TcA states repre- 
sents an accommodation to different target geometries or an alteration 
of their binding affinity. The distance of receptor-binding domains to 


©2014 Macmillan Publishers Limited. All rights reserved 


the membrane is ~125 A on average, suggesting that the receptor(s) on 
the cell surface probably have an elongated shape and protrude far 
from the membrane to bind to TcA, which is not unusual in eukaryotic 
cells. A good example of cell surface proteins that rise high above the 
membrane are integrins, which have an extracellular region of around 
200 A (ref. 19). 


Entropic spring drives injection 

The linker connecting the shell and the channel in the prepore state 
has a very unusual, stretched-out conformation, with a length of 113 A 
for 48 residues (Fig. 3a). In the pore state, however, the linker appears 
to be contracted (Fig. 3b). 

Steered molecular dynamics simulations of the transition between 
the two states indicate a gain in free energy of 20-66 kcal mol‘, witha 
strong entropic contribution. This suggests that this process is exer- 
gonic and would therefore happen spontaneously, whether the collapsed 
state of the linker is folded or not (Fig. 3c). We therefore propose that 
the linker acts as an entropic spring. Comparable to a rubber band, it is 
stretched in the prepore state and can only achieve its preferred con- 
densed conformation once the shell opens. This consequently pulls on 
the central channel and could therefore be the driving force for the 
previously described syringe-like injection mechanism of Tc toxins” 
(Extended Data Fig. 4f and Supplementary Video 2). 

The shell subunits from adjacent protomers overlap like an iris dia- 
phragm, forming large interfaces in both TcA states. The interaction is 
mediated by electrostatic interactions involving different sets of residues 
in the prepore and pore state, respectively (Extended Data Fig. 2e, f). 
This indicates that both the prepore and pore state are stable confor- 
mations of the toxin complex. Interestingly, a shift to higher or lower 
pH values results in strong repulsions at the neuraminidase-like domains 
that close the shell at the bottom (Fig. 3d). We therefore propose that 
this domain acts as an electrostatic lock mainly responsible for the pH- 
induced opening of the shell’. 


TcA translocation channel 


The luminal surface of the channel is mainly negatively charged (Extended 
Data Fig. 2c), with many conserved charged residues protruding into 
the lumen of the channel (Fig. 2b), supporting our previous findings 
that the channel is cation selective”. The cation selectivity of the anthrax 
translocation pore’! was shown to be a prerequisite for the unidir- 
ectional translocation of anthrax lethal factor (LF), making use of the 
PH gradient across the endosomal membrane™. It is thought that pro- 
tonation before and deprotonation after the translocation of anionic 
proteins is the basis of a Brownian ratchet movement that drives the 
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Figure 3 | An entropic spring drives the syringe-like injection mechanism of 
TcA. a,b, Structure of the TcA prepore (a) and pore complex (b), depicting the 
linker between the channel and shell domain (black) and the neuraminidase- 

like domain (blue). c, Steered molecular dynamics simulation, describing the 

contraction of the stretched linker, indicates that the linker is an entropic 
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translocation process in the direction of the compartment with the 
higher pH value, that is, the cytosol’. 

In contrast with LF, which is an anionic substrate, the translocated 
domains in Tc complexes from P. luminescens—that is, the hypervari- 
able regions of TccC3 and TccC5—are both cationic substrates with 
isoelectric points of 9.68 and 8.65, respectively, and would therefore 
be translocated without additional pH gradients. This suggests a pH- 
independent mechanism of translocation in Tc toxins. 

Interestingly, the diameter of the channel varies and opens at the 
height of a larger hydrophobic region, but generally narrows from the 
top to the bottom, where it is closed by the B-turn loops (Fig. 2b and 
Extended Data Fig. 2b). The narrowest diameter of the part of the 
channel that does not permeate the membrane is 12.6 A, indicating 
that a-helices but not folded proteins would fit through. The putative 
transmembrane region, however, is narrower and almost closed at 
tyrosine 2163 (minimal diameter of 3.9 A), indicating that membrane 
permeation of the toxin must induce conformational changes at this 
site, thus triggering the opening of the channel (Fig. 2b). 


TcB-TcC forms a large cocoon 


To understand better how TcB and TcC interact and to understand 
the detailed structural organization of these subunits, we solved the 
crystal structure of the TcB-TcC (TcdB2-TccC3 from P. luminescens) 
fusion protein at a resolution of 2.35 A. TcB and TcC are built by large 
B-sheets that are wound in a continuous anticlockwise spiral, forming 
a large hollow cocoon which is closed by a distorted six-bladed non- 
symmetrical B-propeller that sits at a ~45° angle to the longitudinal 
axis of the cocoon and the N-terminal region of TcB (5-100) (Fig. 4a, b, 
Extended Data Figs 5, 6a—e and Supplementary Video 1). The struc- 
tures are almost identical to the previously described structure of the 
YenB-YenC2 complex from the insect pathogen Yersinia entomophaga’, 
although the latter shares only 56.5% protein sequence identity with 
TcB and TcC (Supplementary Discussion and Extended Data Fig. 5e, f). 
We performed mutational studies and tested the proteolytic activity of 
TcC mutants in vitro (Extended Data Fig. 7a) and their toxicity by 
treating cells in vivo (Extended Data Fig. 7b), and found that TcC acts 
as an aspartyl autoprotease, similarly to YenC2, with aspartates 651 
and 674 as the typical catalytic dyad (Extended Data Fig. 5a—d). 

The inner surface of the TcB-TcC cocoon is mainly positively charged 
and contains large hydrophobic patches, which creates a hostile milieu 
for protein folding (Extended Data Fig. 5g-k). This indicates that the 
TcB-TcC cocoon provides an ideal microenvironment to harbour an 
unfolded protein and to shield it from the surroundings. It might even 
be able to directly unfold native proteins. In line with this, the cleaved 
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spring. d, Surface electrostatic Coulomb potential of the neuraminidase-like 
domain at pH 4, 7 and 11. Strong repulsions at pH values of 4 and 11 but not at 
pH 7 indicate that the neuraminidase-like domain acts as an electrostatic lock 
that opens at high or low pH values. 
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off ADP-ribosyltransferase domain (679-960), which resides inside 
the cocoon before translocation (Extended Data Fig. 7c, d), is not 
resolved in our structure, indicating that the protein is either unfolded 
or in static disorder. 


The TcA-binding domain acts as a gate 

We then assembled the full holotoxin PTC3 prepore complex (TcdA1, 
TcdB2-TccC3) in vitro and determined its structure by cryo-EM 
(Fig. 4c and Extended Data Fig. 3i-l). The molecular model of PT'C3 
derived from fitting our crystal structures of the TcB-TcC and TcA 
complexes into the cryo-EM structure (Fig. 4d and Supplementary 
Videos 1, 3) clearly defines the interface between the two complexes 
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Figure 4 | Binding of TcB-TcC to TcA opens the B-propeller gate and 

the ADP-ribosyltransferase is secreted into the channel of TcA. a, TcB 
and TcC, depicted in blue and yellow, respectively, form a large cocoon. 

TcB also comprises the TcA-binding domain (light blue) that folds into a non- 
symmetrical six-bladed B-propeller. b, Central slice through TcB-TcC to 
visualize the upper and lower chamber as well as the §-propeller pre-chamber 
of the cocoon interior. The TcA-binding domain, TcB, TcC and the TcB 
N-terminal region are coloured in light blue, dark blue, yellow and red, 
respectively. c, Cryo-EM structure of the PTC3 (TcA/TcB-TcC) holotoxin 
complex. TcA and TcB-TcC are shown in grey and yellow, respectively. 

The inset shows a slice through the density at the indicated height of the 
interface between TcA and TcB-TCcC, indicating that the B-propeller gate is 
open. d, Molecular model of the holotoxin complex, obtained by fitting the 
TcA crystal structure (Fig. la) and the TcB-TcC crystal structure (a) into the 
cryo-EM structure of the holotoxin complex shown in c. TcA domains are 
depicted in the same colours as in Fig. 1. TcB and TcC are coloured blue and 
yellow, respectively. The TcA-binding domain is shown in cyan. e, Slice 
through the density of the channel and TcB-TcC showing the open f-propeller 
gate and a continuous channel between the TcB-TcC cocoon and the channel 
of TcA. f, Difference map between the present cryo-EM structure of holotoxin 
and our previous cryo-EM structure of TcA alone (Electron Microscopy 
Data Bank accession EMD-2297). The difference map is shown in red overlaid 
with the central slice through the channel of the holotoxin shown in e depicted 


in grey. 


(Extended Data Fig. 6f). The B-propeller of TcB and the domain of TcA 
that forms the highly conserved funnel of the central channel interact 
strongly with each other, identifying them as TcA- and TcB-binding 
domains, respectively (Fig. 4d). 

Interestingly, the gate formed by the distorted -propeller of TcB 
(Fig. 4b) is open in the holotoxin complex, resulting in a long con- 
tinuous channel connecting the interior of the cocoon with that of the 
channel (Fig. 4e). 

The density corresponding to the six-bladed B-propeller of TcB has 
a clear pseudo-five-fold symmetry (Fig. 4c and Extended Data Fig. 6g). 
This indicates that the conformational changes do not restore a six-fold 
symmetrical B-propeller, but that the B-propeller adapts to the sym- 
metry mismatch by acquiring a pseudo-five-fold symmetry. 

In the absence of complementary charges or matching hydrophobic 
patches at the interface (Extended Data Fig. 6f), shape complementar- 
ity and an induced fit are the basis for the specific interaction between 
TcB and TcA (Supplementary Video 3). 

Most importantly, we find density inside the channel of TcA after 
holotoxin complex formation, indicating that the ADP-ribosyltransferase 
has passed through the B-propeller gate and entered the translocation 
pore before membrane permeation (Fig. 4f). The intensity of the den- 
sity inside the pore is lower than the rest of the cryo-EM structure and 
fragmented, indicating that the protein is disordered inside the channel. 

Thus, the binding of the distorted B-propeller of TcB to the penta- 
meric funnel of TcA induces conformational changes that result in the 
rearrangement of the blades (Extended Data Fig. 6h and Supplemen- 
tary Video 3) and thereby in the opening of the gate, allowing the passage 
of the toxic component into the target cell. 

The major part of the open B-propeller pore through which the 
ADP-ribosyltransferase passes before it enters the TcA translocation 
channel is hydrophobic (Extended Data Fig. 6b). This region acts 
probably in a similar fashion to the ®-clamp in anthrax toxin*™* and 
protects hydrophobic patches in the translocated protein. The narrow 
passage of the B-propeller also suggests that the ADP-ribosyltransferase 
must be unfolded before it passes through its gate, supporting our hypo- 
thesis that it is in an unfolded state inside the TcB-TcC cocoon. 

The structures of TcA and TcB-TcC and of the holotoxin PTC3 
described here reveal that Tc toxins are exceptional and function dif- 
ferently from any known toxins. Our data allow us to describe their 
mechanism of action in an unprecedented level of molecular detail 
(Supplementary Discussion and Extended Data Fig. 8). They form dis- 
tinguished compartments for protein unfolding and processing, and 
translocate their toxic cargo in a novel way. Hence, our data lay a strong 
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foundation for understanding the function of other pathogens, including 
human pathogenic bacteria such as Y. pestis and Y. pseudotuberculosis. 
Furthermore, our data serve as a strong foundation for the develop- 
ment of protein shuttles targeting specific cell types in medical therapy. 


METHODS SUMMARY 


TcdA1 and TcdB2-TccC3 from P. luminescens were purified as described prev- 
iously°. Crystals of TcA and TcB-TcC grew either in buffer containing 0.1M 
HEPES pH 7.0, Jeffamine ED-2001 and 1.1M sodium malonate or in buffer 
containing 0.1 M trisodium citrate pH 5.5, 0.1M MgCl, 0.1M NaCl and 12% 
PEG 4,000, respectively. X-ray diffraction data were collected at the PXII-X10SA 
beamline at the Swiss Light Source, and processed using the CCP4 program 
suite’, The structure of TcA was solved at 4A using the previous 6.3 A cryo- 
EM structure of TcA’ as a search model using PHENIX”. The 2.35 A structure 
of TcB-TcC was solved by experimental phasing. Images of vitrified TcA pore 
complexes and of the holotoxin (TcA, TcB-TcC) were taken with a JEOL JEM 
3200FSC electron microscope equipped with a field-emission gun at an operation 
voltage of 200 kV. An in-column omega energy filter was used with a slit width of 
15 eV. Micrographs were recorded with an 8k X 8k TemCam-F816 CMOS camera 
(TVIPS) under minimal dose conditions (15-20e™ per A?). SPARX software?” 
was used for all image-processing steps. For visualization and analysis we used 
Chimera and implemented programs”*. Steered molecular dynamics simulations 
were calculated using GROMACS”. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Poly(A) -tail profiling reveals an 
embryonic switch in translational control 


Alexander O. Subtelny'?*4*, Stephen W. Eichhorn!*?*, Grace R. Chen, Hazel Sive?? & David P. Bartel”? 


Poly(A) tails enhance the stability and translation of most eukaryotic messenger RNAs, but difficulties in globally mea- 
suring poly(A) -tail lengths have impeded greater understanding of poly(A)-tail function. Here we describe poly(A) -tail 
length profiling by sequencing (PAL-seq) and apply it to measure tail lengths of millions of individual RNAs isolated from 
yeasts, cell lines, Arabidopsis thaliana leaves, mouse liver, and zebrafish and frog embryos. Poly(A) -tail lengths were 
conserved between orthologous mRNAs, with mRNAs encoding ribosomal proteins and other ‘housekeeping’ proteins 
tending to have shorter tails. As expected, tail lengths were coupled to translational efficiencies in early zebrafish and 
frog embryos. However, this strong coupling diminished at gastrulation and was absent in non-embryonic samples, 
indicating a rapid developmental switch in the nature of translational control. This switch complements an earlier switch 
to zygotic transcriptional control and explains why the predominant effect of microRNA-mediated deadenylation con- 
currently shifts from translational repression to mRNA destabilization. 


Most eukaryotic mRNAs end with poly(A) tails, which are added by a 
nuclear poly(A) polymerase following cleavage of the primary transcript 
during transcriptional termination’. These tails are then shortened by 
deadenylases*”’, although in some contexts (for example, animal oocytes 
or early embryos, or at neuronal synapses), they can be re-extended by 
cytoplasmic poly(A) polymerases*”. In the cytoplasm, the poly(A) tail 
promotes translation and inhibits decay*”. 

Although poly(A) tails must exceed a minimal length to promote 
translation, an influence of tail length beyond this minimum is largely 
unknown. The prevailing view is that longer tails generally lead to increased 
translation®®. This idea partly stems from the known importance of cyto- 
plasmic polyadenylation in activating certain genes in specific contexts*”, 
and the increased translation observed in Xenopus oocytes and Drosophila 
embryos when appending synthetic tails of increasing length onto an 
mRNA”*. Support for a more general coupling of tail length and trans- 
lation comes from studies of yeast extracts’ and yeast cells'*''. However, 
the general relationship between tail length and translational efficiency 
has not been reported outside of yeast, primarily because transcriptome- 
wide measurements have been unfeasible for longer-tailed mRNAs. 


Poly(A) -tail length profiling by sequencing (PAL-seq) 

We developed a high-throughput sequencing method that accurately 
measures individual poly(A) tails of any physiological length (Fig. 1a). 
After generating sequencing clusters and before sequencing, a primer 
hybridized immediately 3’ of the poly(A) sequence is extended using a 
mixture of dTTP and biotin-conjugated dUTP as the only nucleoside 
triphosphates and conditions that were optimized to yield full-length 
extension products without terminal mismatches (Extended Data Fig. 1a). 
This key step quantitatively marks each cluster with biotin in propor- 
tion to the length of the poly(A) tail (Fig. 1a). After sequencing the 36 
nucleotides immediately 5’ of the poly(A) site, the flow cell is incu- 
bated with fluorophore-tagged streptavidin, which binds the biotin 
incorporated during primer extension to impart fluorescence intensity 
proportional to the poly(A)-tract length. To account for the density of 
each cluster, this raw intensity is normalized to that of the fluorescent 


bases added during sequencing by synthesis’, thereby yielding a nor- 
malized fluorescence intensity for the poly(A) tail of each transcript, 
paired with a sequencing read that identifies its poly(A) site and thus 
the gene of origin. 

Each starting sample was spiked with a cocktail of mRNA-like stan- 
dards of known tail lengths (Extended Data Fig. 1b) to produce a standard 
curve for converting normalized fluorescence intensities to poly(A)-tail 
lengths (Fig. 1b). We refer to each of these tail-length measurements 
paired with its identifying sequence as a poly(A) tag. Although recovery 
of tags from the standards varied somewhat, it did not vary systemat- 
ically with tail length, which indicated that length-related biases were 
not an issue (Extended Data Fig. 1c). Additional analyses indicated that 
mRNA degradation did not bias against longer poly(A) tails (Extended 
Data Fig. 2a). 

Because alternative start sites or alternative splicing can generate 
different transcripts with the same poly(A) site, we considered our results 
with respect to unique gene models (abbreviated as ‘genes’) rather than 
to transcripts (even though polyadenylation occurs on transcripts, not 
genes). Moreover, tags for alternative poly(A) sites of the same gene 
were pooled, unless stated otherwise. With this pipeline, analysis of RNA 
from NIH3T3 mouse fibroblasts (3T3 cells) yielded at least one tag from 
10,094 unique protein-coding genes (including 97% of the 9,976 genes 
with at least one mRNA molecule per cell, as determined by RNA-seq) 
and = 100 tags from 2,873 genes, coverage typical of most samples (Sup- 
plementary Table 1). 


Tail-length diversity within each species 

Median tail lengths in mammalian cells (range, 67-96 nucleotides) 
exceeded those in A. thaliana leaves and Drosophila melanogaster S2 
cells (51 and 50 nucleotides, respectively), which exceeded those in bud- 
ding (Saccharomyces cerevisiae) and fission (Schizosaccharomyces pombe) 
yeast (27 and 28 nucleotides, respectively) (Fig. 2a). Similar differences 
between mammalian, fly, plant and yeast cells were observed when 
comparing tail-length averages for individual genes (Fig. 2b). For genes 
within each species, mean tail lengths varied, with the 10th and 90th 
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Figure 1 | Global measurement of poly(A)-tail lengths. a, Outline of PAL- 
seq. For each cluster, the fluorescence intensity reflects the tail length of the 
cDNA that seeded the cluster. Although the probability of incorporating a 
biotin-conjugated dU opposite each tail nucleotide is uniform, stochastic 
incorporation results in a variable number of biotins for each molecule within 
a cluster. b, Median streptavidin fluorescence intensities for two sets of 
mRNA-like molecules with indicated poly(A)-tail lengths, which were added to 
3T3 (circle), HEK293T (triangle) and HeLa (square) samples for tail-length 
calibration. 


percentiles differing by 1.4- to 1.6-fold. Variation was also observed for 
different mRNA transcripts from the same gene (Fig. 2c). For most 
genes the distributions were unimodal, with the mode approaching the 
mean (Fig. 2d). Poly(A)-tail lengths increased when progressing through 


9 

° 

a 
j 


ARTICLE 


the cleavage, blastula and gastrula stages of zebrafish embryonic devel- 
opment (2, 4 and 6h post-fertilization (hpf), respectively) and the 
analogous stages of frog development (Fig. 2a, b, d). Processed data 
reporting tail lengths for all genes detected in each sample are provided 
in the Gene Expression Omnibus (accession number GSE52809). 

Comparison of tail lengths for orthologous genes in human (HeLa 
and HEK293T) and mouse (3T3 and liver) cells revealed moderately 
strong correlations, indicating that tail lengths are conserved (Extended 
Data Table 1, Spearman R (R,) as high as 0.46). When searching for gene 
classes that tended to have longer or shorter tails, the most striking and 
pervasive enrichment was for ribosomal protein and other ‘housekeep- 
ing’ genes among the short-tailed genes (Extended Data Table 2). This 
enrichment was strong in yeast, despite previous reports that ribosomal- 
protein genes tend to have long tails'*''. To address this and other 
discrepancies with previous yeast studies (Extended Data Fig. 3a, b), 
we used an independent method to measure the poly(A)-tail lengths of 
eight yeast genes, including four ribosomal protein genes. The results 
were much more consistent with our measurements than with the pre- 
vious measurements (Extended Data Figs 3 and 4). Both previous reports 
used the polyadenylation state microarray (PASTA) method, which 
fractionates RNAs by stepwise thermal elution from poly(U)-Sepharose. 
Although studies have successfully used poly(U)-Sepharose fractionation 
to detect tail-length changes for the same genes in different contexts'*», 
detecting differences between different genes in the same context is 
more challenging. Our results suggest that PASTA, as previously imple- 
mented in yeasts'*”’, is less suitable than PAL-seq for intergenic com- 
parisons, although we cannot exclude the possibility that the discrepancies 
arose from different growth conditions. 

The types of genes with shorter or longer tails differed between the 
embryonic samples and the other samples (Extended Data Table 2). 
Genes in the early embryo might not have the same tail lengths as their 
orthologues do in other contexts because before the maternal-to-zygotic 
transition (MZT), which occurs at ~3 hpfin zebrafish'® and at approx- 
imately stage 8 in Xenopus laevis'’, transcription is not yet active, and 
some maternal transcripts are masked for later use, whereas others are 
subject to cytoplasmic polyadenylation’. At 6 hpf in zebrafish, ribosomal 
protein mRNAs had switched from being enriched in shorter-tailed genes 
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Figure 2 | Poly(A)-tail lengths in yeast, plant, fly and vertebrate cells. a, Bulk 
tail-length distributions. For each sample, histograms tally tail-length 
measurements for all poly(A) tags mapping to annotated 3’ UTRs (bin size = 5 
nucleotides). Leftmost bin includes all measurements <0 nucleotides. Median 
tail lengths are in parentheses. b, Intergenic tail-length distributions. For 
each sample, histograms tally average tail lengths for protein-coding genes 
with = 50 tags (yeasts, zebrafish and Xenopus) or = 100 tags (other samples). 


Median average tail lengths are in parentheses. c, Intragenic tail-length 
distributions for 10 genes sampling the spectrum of average tail lengths in 3T3 
cells. d, Intragenic tail-length distributions. Heat maps show the frequency 
distribution of tail lengths for each gene tallied in b. The colour intensity 
indicates the fraction of the total for the gene. Genes are ordered by average tail 
length (dashed line). Results from the S. cerevisiae total-RNA sample are 
reported in this figure. 


3 APRIL 2014 | VOL 508 | NATURE | 67 


©2014 Macmillan Publishers Limited. All rights reserved 


ARTICLE 


to being enriched in longer-tailed genes (Extended Data Table 2), perhaps 
because these were mostly newly synthesized transcripts, which tended 
to have longer tails at this stage (Extended Data Fig. 5). 

Because deadenylation is an important early step in eukaryotic mRNA 
decay**"*, we examined the relationship between poly(A)-tail length 
and published mRNA stability values (Extended Data Table 1). Tail 
length and half-life were slightly negatively correlated in HeLa and 3T3 
cells (R, = —0.048 and —0.16, respectively) and variably correlated in 
yeast, depending on the source of the half-life measurements (R, from 
—0.44 to 0.23). The weak relationships in HeLa and 3T3 cells would be 
expected if mRNAs with different half-lives have similar steady-state 
tail-length distributions, with the less stable mRNAs transiting through 
the distributions more quickly. 

No strong, easily interpretable correlations between tail length and 
mRNA features (length of 3’ untranslated region (3’ UTR), length of open 
reading frame (ORF), total length, splice-site number, splice-site density) 
or expression (steady-state accumulation and nuclear-to-cytoplasmic 
ratio) were observed (Extended Data Table 1). Of these, the strongest 
correlations were between tail length and steady-state accumulation 
(R, from — 0.44 to 0.25), and between tail length and mRNA length (R, 
from -0.12 to 0.36) or features related to mRNA length. Support for 
the latter relationship was also observed in intragenic comparisons, 
which revealed a weak positive relationship between tail length and the 
length of tandem 3'-UTR isoforms (Extended Data Fig. 6a). In early 
zebrafish embryos this relationship between 3'-UTR isoforms was even 
more pronounced when a predicted cytoplasmic polyadenylation ele- 
ment (CPE)*”? was present in the region unique to the longer isoform 
(Extended Data Fig. 6b). 


Decoupling of tail length and translation 

Most reports of increased translation of longer-tailed mRNAs have used 
oocytes and early embryos*”. To examine whether this phenomenon 
reported in early embryos for a few genes applies transcriptome-wide, 
we performed ribosome footprint profiling and RNA-seq to measure 
translational efficiencies” from the embryonic samples used to mea- 
sure tail lengths. We found that in early embryos (cleavage and blastula 
stages) of both fish and frog, mean poly(A)-tail length correlated strongly 
with translational efficiency (Fig. 3a, R, from 0.62 to 0.77). No other 
mRNA feature has been reported to correlate so well with translational 
efficiency in any system. 


In these early embryonic stages, a twofold increase in tail length cor- 
responded to a large increase in translational efficiency—greater than 
6-fold when doubling the tail from 20 to 40 nucleotides in 2 hpf zebra- 
fish (Fig. 3a). Although longer-tailed mRNAs were more likely to contain 
a CPE, the relationship between tail length and translational efficiency 
for CPE-containing mRNAs was no different from that of other mRNAs 
(Extended Data Fig. 7a). In theory, this coupling might not be causal, or 
it might be causal but strictly due to either translational inhibition caus- 
ing tail shortening or translational activity preventing tail shortening. 
Alternatively, all or at least some of the coupling might result from longer 
tail length causing more efficient translation in the early embryo. We 
favour this last possibility because it agrees with the known impor- 
tance of cytoplasmic polyadenylation for activating genes in maturing 
oocytes*?'” and early embryos” of Xenopus and in certain other ver- 
tebrate contexts***°. Even more importantly, it agrees with the increased 
translation observed in Xenopus oocytes when appending prosthetic 
poly(A) tails of increasing length onto an mRNA’. 

The strong coupling observed in the blastula largely disappeared in 
gastrulating embryos (Fig. 3a; R, = 0.13 for both fish and frog). This 
disappearance was not because of the more restricted tail-length range 
observed at gastrulation (Extended Data Fig. 7b). Moreover, we observed 
no positive correlation of a meaningful magnitude between mean poly(A)- 
tail length and translational efficiency in HeLa cells, HEK293T cells, 
3T3 cells, mouse liver, S. cerevisiae or S. pombe (R, = —0.10, 0.07, —0.04, 
0.00, —0.12 and —0.15, respectively) (Fig. 3b). Our results in yeasts 
differed from those reported earlier’®"', which we again attribute to the 
limitations of previous methods. In 3T3 cells, metabolic labelling has 
been used to infer protein-synthesis rates*', which correlated with our 
translational efficiencies (R, = 0.44, P< 10 °8) and did not correlate 
positively with tail lengths (R, = —0.20, P< 107 '°). Taken together, 
our results indicate that beginning at gastrulation, translational con- 
trol undergoes a mechanistic change that uncouples translational effi- 
ciency from poly(A)-tail length. 


Intragenic comparison of tail length and translation 

The simplest interpretation of the weak or negative correlations we 
observed between tail length and translational efficiency in yeast and 
mammalian cells is that increasing average tail length over the physio- 
logical range does not enhance translation in these contexts. However, 
our comparisons of average tail length and average translational efficiency 
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Figure 3 | Transient coupling between poly(A)-tail length and translational 
efficiency. a, Relationship between mean tail length and translational 
efficiency (TE) for genes with = 50 poly(A) tags from embryonic samples at the 
indicated developmental stages. For each stage, tail lengths and translational 
efficiencies were obtained from the same sample. MGC116473 and DDX24 fell 
outside the plot for X. laevis, stages 3-4, and LOC100049092 fell outside the plot 
for X. laevis, stages 12-12.5. b, Relationship between mean tail length and 
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translational efficiencies were from the same samples. S. cerevisiae YBR196C, 
YLR355C and YDLO80C, S. pombe SPCC63.04.1, mouse liver NM_007881 and 
NM_145470, HEK293T NM_001007026, NM_021058 and NM_003537, and 
HeLa NM_001007026 fell outside their respective plots. 
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between genes (Fig. 3b) might have missed a relationship that would be 
observed when looking at differentially translated mRNAs from the 
same gene. To address this possibility, we fractionated 3T3 cell lysate 
to isolate mRNAs associated with different numbers of ribosomes and 
measured the tail lengths in each fraction (Fig. 4a). To learn how poly(A)- 
tail length related to ribosome density for individual genes, we plotted 
mean tail-length values as a function of the number of bound ribo- 
somes and fit the data for each gene with a straight line (Fig. 4b). The 
slopes of these lines were generally small, and most were slightly nega- 
tive (Fig. 4b); positive slopes would have been expected if longer tails 
enhanced translation. Thus, the increase in median length observed 
between the lightest and heaviest fractions when considering bulk tail 
lengths (Fig. 4a; 66 and 82 nucleotides, respectively) did not indicate a 
relationship between longer tails and enhanced translation but instead 
might have reflected the positive correlation between ORF length and 
tail length observed in 3T3 cells (Extended Data Table 1; R, = 0.36). 
The trend of mostly negative slopes prevailed even when excluding 
data from mRNA not associated with any ribosomes (Extended Data 
Fig. 7c), or when examining subsets of genes with longer or shorter mean 
tail lengths, or with higher or lower translational efficiencies (Extended 
Data Fig. 7d). This global intragenic analysis (Fig. 4b) supports the con- 
clusion drawn from intergenic analyses (Fig. 3), that in all yeast and 
mammalian contexts examined (and presumably in most other cellular 
contexts), mRNAs with longer poly(A) tails are not more efficiently 
translated. 


A shift in the ultimate effects of miRNAs 


MicroRNAs (miRNAs) are small RNAs that pair to sites in mRNAs 
to target these messages for post-transcriptional repression**. Global 
measurements indicate that miRNA targeting causes mostly mRNA 
destabilization, with translational repression comprising a detectable 
but minor component of the overall repression****. The only known 
exception is the transient translational repression observed in early 
zebrafish embryos**. At 4 hpf miR-430 targeting causes mostly trans- 
lational repression with very little mRNA destabilization, whereas by 
6 hpf the outcome shifts to mostly mRNA destabilization*’. Because 
miR-430 is induced only ~1.5h before the 4-hpf stage, these results 
are interpreted as revealing the dynamics of miRNA action, in which 
an early phase of translational repression gives way to a later phase in 
which destabilization dominates*’. When considering that miRNA 
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Figure 4 | No detectable intragenic coupling between poly(A)-tail length 
and translational efficiency. a, Global analysis of tail lengths across a 
polysome profile for 3T3 cells. The absorbance trace indicates mean number of 
ribosomes bound per mRNA for each fraction from the sucrose gradient 
(top, fractions demarcated with vertical dashed lines). Box plots show 
distributions of bulk tail lengths in each fraction for all tags mapping to 
annotated 3’ UTRs (bottom). Box plot percentiles are line, median; box, 25th 
and 75th percentiles; whiskers, 10th and 90th percentiles. The horizontal 

line indicates the overall median of the median tail lengths. b, Relationship 
between tail lengths and ribosomes bound per mRNA for mRNAs from the 
same gene. For each gene, the data from a were used to plot the mean tail length 
as a function of bound ribosomes. Log-log plots for 8 randomly selected genes 
with = 50 poly(A) tags in = 6 fractions are shown (left), with lines indicating 
linear least-squares fits to the data (adding a pseudocount of 0.5 ribosomes 
to the fraction with 0 ribosomes). The box plot shows the distribution of slopes 
for all genes with = 50 poly(A) tags in = 4 fractions (right; n = 4,079; 
one-sided, one-sample Wilcoxon test; box plot percentiles as in a). 
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targeting promotes poly(A)-tail shortening through the recruitment 
of deadenylase complexes”, our results suggest an alternative mech- 
anism for the shift in miRNA regulatory outcomes. In this mechanism, 
miRNAs mediate tail shortening at both 4 and 6 hpf, but because of the 
switch in the nature of translational control (as well as destabilization 
of short-tailed mRNAs at later stages), tail shortening has very different 
consequences in the two stages: at 4 hpf, tail shortening predominantly 
decreases translational efficiency, whereas at 6 hpf, it predominantly 
decreases mRNA stability. 

To integrate miRNA-mediated repression with effects on tail length, 
we injected one-cell zebrafish embryos with miRNAs that are normally 
not present in the early embryo and examined the influence of these 
injected miRNAs on ribosome-protected fragments, mRNA levels and 
poly(A)-tail lengths at 2, 4 and 6hpf. Injecting miR-155 caused ribo- 
some-protected fragments from many of its predicted targets to decrease 
relative to ribosome-protected fragments from no-site control mRNAs 
(Fig. 5a). Despite the decrease in ribosome-protected fragments, target 
mRNA levels did not change relative to the controls at 2 and 4 hpf, indi- 
cating that at these stages miR-155 targeting caused mostly translational 
repression. In contrast, decreases in ribosome-protected fragments were 
accompanied by nearly commensurate mRNA reductions at 6 hpf, indi- 
cating that by this stage the outcome of repression had shifted to mostly 
mRNA destabilization (Fig. 5a). Thus, the shift in miRNA regulatory 
outcome that occurs between 4 and 6 hpf is not specific to miR-430 
or its targets. With respect to mechanism, the observation of this shift 
between 4 and 6 hpf, even though the injected miR-155 was present and 
active much earlier than was miR-430, indicated that the shift reflec- 
ted a transition from the unusual regulatory regime operating in pre- 
gastrulation embryos (in which translational efficiency is sensitive to 
tail length) more than it reflected the dynamics of miRNA action. 

The tail-length results further supported a mechanism involving 
shifting consequences of tail-length shortening. Predicted miR-155 
targets had shortened tails at 2 and 4hpf (Fig. 5b), which explained 
most of the miRNA-induced translational repression observed at these 
stages (Fig. 5c). By 6 hpf, the tail-length decreases observed at 4 hpfhad 
mostly abated for predicted miR-155 targets (Fig. 5b), and these 
mRNAs were instead less abundant (Fig. 5a), in concordance with their 
extent of deadenylation at 4 hpf (Extended Data Fig. 8a). These obser- 
vations agreed with the idea that tail shortening destabilizes mRNAs 
at later developmental stages and indicated that the miRNA-mediated 
deadenylation occurring during the earlier developmental stages pro- 
motes decay later. With shorter tails no longer associated with reduced 
translation (Fig. 3a) and instead associated with reduced mRNA levels, 
the ultimate consequence of miRNA-mediated repression shifted from 
translational repression to mRNA destabilization (Fig. 5c). Analogous 
results were obtained after injecting a different miRNA, miR-132 (Fig. 5c, 
Extended Data Fig. 8). 

Because tail length was no longer strongly coupled with translational 
efficiency (Fig. 3a), tail-length changes did not explain the decrease in 
mean translational efficiency observed at 6 hpf for predicted miR-132 
targets (Fig. 5c). We conclude that when poly(A)-tail length is uncoupled 
from translational efficiency, the translational repression often detected 
as a minor component of the overall repression*** arises from a mech- 
anism different from the one that dominates pre-gastrulation. 

Our results provide a compelling explanation for miRNA-mediated 
translational repression in the pre-gastrulation zebrafish embryo: miRNAs 
induce poly(A) shortening, which decreases translational efficiency at 
this developmental period. They also explain why the pre-gastrulation 
zebrafish embryo is the only known context for which translational 
repression is the dominant outcome of miRNA-mediated regulation; 
in all other contexts examined, tail-length shortening causes MRNA 
destabilization with little or no effect on translational efficiency. 


Two gene-regulatory regimes 
Our results from yeast, cultured mammalian cells and mouse liver 
refute the prevailing view that poly(A)-tail length broadly influences 
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Figure 5 | The influence of miR-155 on ribosomes, mRNA abundance and 
tails in the early zebrafish embryo. a, Relationship between changes in 
ribosome-protected fragments (RPFs) and changes in mRNA levels after 
injecting miR-155. Changes observed between miRNA- and mock-injected 
embryos are plotted at the indicated stages for predicted miR-155 target 
genes (red, genes with = 1 miR-155 site in their 3’ UTR) and control genes 
(grey, genes that have no miR-155 site, yet resemble the predicted targets with 
respect to 3'-UTR length). To ensure that differences observed between 4 and 
6 hpf were not the result of examining different genes, only site-containing 
genes and no-site control genes detected at both 4 and 6 hpf are shown for these 
stages. Lines indicate mean changes for the respective gene sets, with 
statistically significant differences between the sets indicated (*P = 0.05; 
**P<10 “, one-tailed Kolmogorov-Smirnov test). Because injected miRNAs 
partially inhibited miR-430-mediated repression, genes with miR-430 sites 
were not considered. Data were normalized to the median changes observed for 
the controls. b, Relationship between changes in ribosome-protected fragments 
and changes in mean tail lengths after injecting miR-155. Tail lengths were 
determined using PAL-seq, otherwise as in a. c, A developmental switch in 
the dominant mode of miRNA-mediated repression. The schematic (left) 
depicts the components of the bar graphs, showing how the changes in 
ribosome-protected fragments (RPFs) comprise both mRNA and translational 
efficiency (TE) changes. The compound bar graphs show the fraction of 
repression attributed to mRNA degradation (blue) and translational efficiency 
(green) for the indicated stage, depicting the overall impact of miR-155 
(centre; plotting results from a and b for genes with sites) and miR-132 (right, 
plotting results from Extended Data Fig. 8b for genes with sites). Slight, 
statistically insignificant increases in mRNA for predicted targets resulted in 
blue bars extending above the axis. For samples from stages at which tail length 
and translational efficiency were strongly coupled, a bracket adjacent to the 
compound bar indicates the fraction of repression attributable to shortened 
tails. Significant changes for each component are indicated with asterisks 

of the corresponding colour (*P = 0.05; **P< 10 +, one-tailed Kolmogorov- 
Smirnov test). 


translational efficiency. In doing so, they add to the known differences 
between the regulatory regime operating in these cells and that oper- 
ating in early metazoan embryos. 

This absence or presence of coupling between poly(A)-tail length and 
translational efficiency can be rationalized in light of the potential inter- 
play among regulatory options available in the two regulatory regimes. 
Our yeast, mammalian and gastrulation-stage cells were transcriptionally 
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active, which offers ample opportunities for nuclear control of gene 
expression. Moreover, active transcription enables unstable mRNAs to 
be replaced if required, thereby expanding the contexts in which dif- 
ferential mRNA stability can be exploited for gene control. Thus, an 
additional layer of control in which translational efficiency depends on 
poly(A)-tail length is dispensable. More importantly, because this type 
of coupling would lower output from older mRNA molecules that, in 
the absence of cytoplasmic polyadenylation, would often have shorter 
poly(A) tails, the utility of gene regulation through mRNA stability 
would be compromised. In this conventional regulatory regime, long- 
lived mRNAs would have less value if they were translated less effi- 
ciently because of their shorter tails. 

For fish and frog embryos at the cleavage stage, the regulatory regime 
was very different. These embryos were transcriptionally inactive, which 
not only precludes the use of transcription and other nuclear processes 
to alter gene expression programs but also limits the use of differential 
mRNA stability, because degraded mRNAs cannot be replaced until 
zygotic transcription begins. Perhaps as a consequence, many mRNAs 
with short tails were observed (Fig. 2a), consistent with the known 
stability of short-tailed mRNAs in early embryos’””*. In these circum- 
stances, early embryonic cells apparently harness differential tail length 
for global gene control. This result expands the known behaviour of 
individual genes in Xenopus embryos**™ and the observation that early 
embryonic cells have robust cytoplasmic polyadenylation’, which increases 
the utility of a tail-length regulatory mechanism. Compared to meta- 
zoan cells subject to the standard regulatory regime (for example, 6-hpf 
zebrafish embryos and the mammalian cells examined), cleavage-stage 
embryos had more uniform intragenic tail lengths and more variable 
intergenic lengths (Fig. 2d), as required for efficient harnessing of the 
tail-length regulatory regime. With their tail-length distribution also 
shifted towards shorter tails (Fig. 2b), cleavage-stage embryos can most 
efficiently exploit the tail-length differences with the greatest impact 
(Fig. 3a). 

The transition between these two very different gene-regulatory 
regimes was rapid but not immediate. Despite their zygotic transcrip- 
tion, late-blastula embryos still coupled tail length with translation. 
Indeed, to the extent that newly transcribed zygotic mRNAs tended to 
have longer tails than did the maternally inherited mRNAs (Extended 
Data Fig. 5), the continued coupling observed in this hybrid regime 
would act to increase the relative output from these newly minted 
mRNAs, thereby sharpening the MZT. 

We suspect that the tail-length regulatory regime observed in early 
embryos operates in other systems in which transcription is repressed 
(or occurs at a distant location) and cytoplasmic polyadenylation is 
active, such as early embryos of other metazoan species, maturing 
oocytes and neuronal synapses’. The ability to measure poly(A)-tail 
lengths at singleemRNA resolution should provide important insights 
in these systems. 


METHODS SUMMARY 


Cytoplasmically enriched lysates were prepared from HEK293T, 3T3, mouse 
liver, X. laevis, S. pombe and zebrafish samples, as well as one of the S. cerevisiae 
samples, and divided into three portions, one each for PAL-seq, RNA-seq and 
ribosome profiling. PAL-seq was performed as outlined in Fig. 1a. RNA-seq and 
ribosome profiling were performed essentially as described previously”. Poly(A) 
tags were mapped to a reference genome (or transcriptome) of the species, car- 
rying forward those that mapped uniquely to the genome (or transcriptome) and 
also overlapped with the 3’ UTR ofa transcript model chosen to represent a gene. 
Ribosome-protected fragments and RNA-seq tags were mapped to ORFs, as des- 
cribed previously’, except tags mapping within the first 50 nucleotides of an ORF 
were discarded (to exclude signal from ribosomes that might have initiated after 
cycloheximide was added). Each mRNA with a 3’ UTR that had at least one 
7-nucleotide site matching the miRNA seed region” was predicted to be a target 
of that miRNA. Genes that had no 6-nucleotide seed match anywhere within their 
mature transcript were classified as no-site genes, from which a set of no-site control 
genes was selected such that its 3’-UTR length distribution matched that of the 
predicted targets. 
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Hitherto, rings have been found exclusively around the four giant 
planets in the Solar System’. Rings are natural laboratories in which 
to study dynamical processes analogous to those that take place dur- 
ing the formation of planetary systems and galaxies. Their presence 
also tells us about the origin and evolution of the body they encircle. 
Here we report observations of a multichord stellar occultation that 
revealed the presence of a ring system around (10199) Chariklo, 
which is a Centaur—that is, one of a class of small objects orbiting 
primarily between Jupiter and Neptune—with an equivalent radius 
of 124 + 9 kilometres (ref. 2). There are two dense rings, with respec- 
tive widths of about 7 and 3 kilometres, optical depths of 0.4 and 
0.06, and orbital radii of 391 and 405 kilometres. The present ori- 
entation of the ring is consistent with an edge-on geometry in 2008, 
which provides a simple explanation for the dimming’ of the Cha- 
riklo system between 1997 and 2008, and for the gradual disappear- 
ance of ice and other absorption features in its spectrum over the 
same period**. This implies that the rings are partly composed of 
water ice. They may be the remnants of a debris disk, possibly con- 
fined by embedded, kilometre-sized satellites. 

Chariklo is the largest known Centaur orbiting in a region between 
Saturn and Uranus, and has an orbital eccentricity of 0.175 and a semi- 
major axis of 15.8 astronomical units (1 au is the Earth-Sun distance). 
It may be a former trans-Neptunian object that has been recently (less 
than 10 Myr ago) scattered by gravitational perturbations from Uranus’. 
No clear detection of Chariklo’s rotation has been made so far. Its surface 
is very dark, with a geometric albedo’ of 0.035 + 0.011, and it is subject to 
long-term spectral and photometric variabilities*°, although no com- 
etary activity has ever been reported. 

An occultation of an R = 12.4 mag star by Chariklo was predicted’ 
to cross South America on 3 June 2013 (Extended Data Figs 1 and 2). 


P. LaCluyze™, J. B. Haislip*4, K. M. Ivarsen*4, J. P. Moore*™’, 


We obtained data from sites in Brazil, Argentina, Uruguay and Chile 
(Extended Data Table 1). Although the occultation by Chariklo itself 
was recorded at three sites in Chile, seven sites detected a total of thir- 
teen rapid stellar flux interruptions (secondary events), two of them being 
resolved into two sub-events by the Danish 1.54-m telescope at the 
European Southern Observatory at La Silla, Chile (Fig. 1). 

Displayed in the Extended Data and analysed in the Supplementary 
Information, all those secondary events (Extended Data Tables 2 and 3) 
can be readily explained by the presence of two narrow and azimuthally 
homogeneous rings (Fig. 2), whose widths and optical depths are given 
in Table 1. Even if the events were generally not resolved (Extended 
Data Fig. 3), their depths provide a measure of the integrated light loss 
of the events, which in turn depends on the local geometry of the occul- 
tation in the plane of the sky. The fact that all the events are consistent 
with an azimuthally homogeneous ring system makes other interpre- 
tations, such as an ensemble of cometary jets, very unlikely. 

Other evidence supports our interpretation ofa flat circular ring sys- 
tem around Chariklo. The ellipse fitted to the secondary events provides 
two possible ring pole positions (Table 1 and Extended Data Table 4). 
Our preferred solution is the one in which the rings had an opening 
angle of 60° in 1996-1997 and vanished from view as they were observed 
edge-on in 2008, owing to the orbital motion of Chariklo relative to the 
Earth. This provides a simple explanation for the gradual dimming 
of Chariklo’s system, by a factor of 1.75, during that period’. Further 
evidence is that the 2-|1m water-ice band and the spectral slope below 
0.55 um gradually disappeared** between 1997 and 2008, implying 
that water ice is present in the rings. Observations made in 2013 show 
that the system has brightened by a factor of about 1.5 since 2008, and 
that the water-ice band is detectable again, supporting our interpreta- 
tion (R.D. et al., manuscript in preparation). 
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Figure 1 | Light curve of the occultation by the Chariklo system. The data 
were taken with the Danish 1.54-m telescope (La Silla) on 3 June 2013, at a rate 
of almost 10 Hz and with a long-pass filter and a cut-off below 650 nm, limited 
at long wavelengths by the sensitivity of the charge-coupled-device chip 
(Supplementary Information). Aperture photometry provided the flux from 
the target star and a fainter nearby reference star. Low-frequency sky 
transparency variations were removed by dividing the target flux by an optimal 
running average of 87 data points (8.7 s) of the reference star, resulting in a 
final signal-to-noise ratio of 64 per data point. The sum of the stellar and 
Chariklo fluxes has been normalized to unity outside the occultation. The 
central drop is caused by Chariklo, and two secondary events, 2013C1R and 
2013C2R, are observed, one at ingress (before the main Chariklo occultation) 
and then at egress (after the main occultation). A more detailed view of 
these ring events is shown in Fig. 3. 


LETTER 


Owing to its higher acquisition rate (10 Hz), the Lucky Imager camera*” 
of the Danish 1.54-m telescope actually resolved the secondary events 
into two rings, denoted 2013C1R and 2013C2R (C1R and C2R for short) 
in Figs 1 and 3. We use the terms ingress and egress refer to the first 
and, respectively, second of a pair of ring events at a given site. All the 
Danish events are satisfactorily fitted by sharp-edged ring models 
whose radial widths (W) in the ring plane and normal optical depths 
(tx) are listed in Table 1. We also provide the equivalent depths 
(E, = Wty), which can be related to the amount of material contained 
in the ring’®. C2R is about 40% narrower than C1R, and contains about 
12 times less material. We note that no material is detected in the gap 
between C1R and C2R, up to a limit of 0.004 in normal optical depth 
and 0.05 km in equivalent depth (Table 1 and Extended Data Table 4). 

By analogy with Saturn’s A ring” or the dense rings of Uranus”, we 
estimate that the surface density of C1R lies in the range 30-100 gcm 7 
(Supplementary Information). Then, the mass of C1R is equivalent to 
that of an icy body with a radius of roughly 1 km, whereas C2R cor- 
responds to a body of half that size. If the photometric variability of 
Chariklo’s system between 1997 and 2008 is entirely due to the ring chang- 
ing geometry’, we estimate the ring reflectivity to be I/F ~ 0.09 + 0.04 
(Lis the intensity of light reflected by the surface and mF is the incident 
solar flux density). Thus, Chariklo’s ring particles would be signifi- 
cantly brighter than those of Uranus’s rings’* (I/F ~ 0.05), but would 
be significantly darker than those of Saturn’s A ring’* (I/F ~ 0.3). We 
note that, if part of the photometric variability is caused by Chariklo 
itself, then the ring material would be darker than estimated above 
(Supplementary Information). 

Constraints on Chariklo’s limb shape are based on only two occulta- 
tion chords (Supplementary Information and Extended Data Table 5). 
Our simplest model describes an oblate Chariklo surrounded by a cir- 
cular equatorial ring system (Extended Data Table 6). The fitted limb 
(Fig. 2) has an equivalent radius of 127 km (the radius of an equivalent 


Figure 2 | Chariklo ring system. The dotted lines are the trajectories of the 
star relative to Chariklo in the plane of the sky, as observed from eight sites 
(Supplementary Information), the arrow indicating the direction of motion. 
The green segments represent the locations of ring C1R observed at each station 
(lo uncertainty). For clarity, we have not plotted the detections made at the 
TRAPPIST and 0.275-m telescopes (at La Silla and Bosque Alegre, respectively) 
because they have larger error bars than their local counterparts, and would 
supersede the corresponding green segments. Two ring events occurred during 
camera readout times (red segments) at Bosque Alegre and Cerro Tololo, 
and also provide constraints on the ring orbit. The ring events are only 


marginally detected at Cerro Burek, but the signal-to-noise ratio is not 
sufficient to put further constraints on the ring orbit and equivalent width. 
An elliptical fit to the green and red segments (excluding, because of timing 
problems (Supplementary Information), the SOAR events at Cerro Pachén) 
provides the centre of the rings (open cross), as well as their sizes, opening angle 
and orientation (Table 1). Chariklo’s limb has been fitted to the two chords’ 
extremities (blue segments) obtained at La Silla and Cerro Tololo, assuming 
that the centres of Chariklo and the rings, as well as their position angles, 
coincide. This is expected if Chariklo is a spheroid, with a circular ring orbiting 
in the equatorial plane (see text and Supplementary Information). 
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Table 1 | Ring physical parameters 


Radial width, W(km) 


Normal optical depth, tj Equivalent depth, E, = Wry (km) 


Ring C1R, Danish ingress 6.16+0.11 0.449 + 0.009 2.77 £0.04 
Ring C1R, Danish egress 7.174014 0.317 + 0.008 2.28 + 0.03 
Ring C2R, Danish ingress 3.6433 0.05*6-65 0.18 + 0.03 
Ring C2R, Danish egress 3.4t}} 0.07 +6-68 0.24 + 0.02 
Ring C1R radius (km) 390.6 + 3.3 

Ring C2R radius (km) 404.8 + 3.3 

Radial separation of rings CLR and C2R (km) 142+0.2 

Gap between rings C1R and C2R (km) 8.7 + 0.4 (E, <0.05 km, tx < 0.004) 
Opening angle, B (°) +33.77 +0.41 


Position angle, P (°) 


—61.54 + 0.14 (preferred) or 118.46 +0.14 


Pole position (equatorial J2000) 


Solution 1 (preferred) Solution 2 
Right ascension, a, 10h 05 min +02 min 01h 48 min +01 min 
Declination, 6, 41° 29'+13' 03° 26'+19' 


The geocentric distance of Chariklo's system at the moment of the occultation, D = 2.031 x 10° km, provides a scale of 9,846 km arcsec? in the plane of the sky. All the secondary events apart from those of the 
Danish 1.54-m telescope (Fig. 3) are satisfactorily fitted by a model where the rings C1R and C2R have widths and optical depths that are averages of the Danish ingress and egress values given above, that is, 
Weir = 6.6 km, tn,c1r = 0.38, Wear = 3.4 km and tn,car = 0.06 (Supplementary Information). The ring opening angle, B, is the absolute value of the elevation of the observer above the ring plane. The position angle, 
P, is the angle between celestial north and the semi-minor axis of the ring projected in the plane of the sky, counted positively from celestial north to celestial east. By convention, it refers to the projected semi-major 
axis that corresponds to superior conjunction. The solution that best explains the photometric and spectral variations of Chariklo’s system*> is chosen as preferred (see text). 


spherical body; see Supplementary Information), consistent with the 
value derived from thermal data’, 124 + 9 km, thus supporting our model. 

From the Roche critical density limit’, we estimate that typical den- 
sities for Chariklo and ring particles are consistent with the present ring 
locations (Supplementary Information). Moreover, an unperturbed ring 
several kilometres in width and of thickness h should spread, owing to 
interparticle collisions’, in 10*/h’ years (Supplementary Information), 
or a few thousand years, assuming h of a few metres (by analogy with 
Saturn’s rings). Furthermore, Poynting—Robertson drag’® should spread 
sub-centimetre particles in a few million years at most (Supplementary 
Information). Thus, the rings are either very young or actively confined. 
A confinement mechanism may be provided by kilometre-sized ‘shepherd 
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satellites’ that would have a mass comparable to that of the rings (Sup- 
plementary Information). 

We do not know if rings around minor bodies stem from a generic, 
yet unknown, process, or are exceptional features. We note that many 
stellar occultations by main-belt asteroids and more than ten trans- 
Neptunian events’”*° have not revealed rings so far (nor have direct 
images). Stellar occultations and appulses involving (2060) Chiron (a 
Centaur similar in size to Chariklo) in 1993 and 1994 revealed a narrow, 
jet-like feature and diffuse material around that object”’**. This was 
interpreted as material ejected from the surface, partly on the basis that 
Chiron is known to be an active, comet-like object. It is unclear whether 
the detection of material around both objects is a mere coincidence, or 
whether they share a common physical process (noting that no come- 
tary activity has been detected around Chariklo). 

About 5% of the Centaur and trans-Neptunian population” are known 
to have satellites. Although the large satellites are thought to result from 
three-body captures, their small counterparts are more likely to form 
from impacts”, or rotational disruptions”, and possibly re-accretion 
from a disk remaining after that event. So far, no observations have 
shown satellites around Chariklo (the rings span at most 0.04’’ around 
the primary object, making direct detections of associated small satel- 
lites a challenge). Several origins for Chariklo’s rings can be proposed, 
all relying on a debris disk in which the largest fragments acted as shep- 
herds for the smaller material. The first possibility is that an impactor 
excavated icy material from Chariklo’s outer layers, destroyed a pre- 
existing satellite or was itself disrupted during the impact. The second 
is that a debris disk formed from a rotational disruption of the main body 
or was fed by cometary-like activity. Third, two pre-existing satellites 


Figure 3 | Fits to the Danish ring events. a, b, The red curves are synthetic 
occultation profiles produced by semi-transparent bands with square-well 
profiles (the blue lines), after convolution by Fresnel diffraction, observed 
bandwidth, the stellar radius projected at Chariklo, and the finite integration 
time. The open red circles are the values of the model for the times 
corresponding to the observed data points (black points) at the ingress (a) and 
egress (b). The 7’ values per degree of freedom of the fits to the four ring events 
vary from 0.4 to 1.2 (Extended Data Table 2). This indicates satisfactory fits, and 
shows that the events are compatible with sharp-edged rings. The resulting 
widths and optical depths of rings C1R and C2R are listed in Table 1, after 
the appropriate projections into the plane of the rings have been performed. 
Extended Data Table 3 shows that the widths and optical depths of C1R at the 
Danish 1.54-m telescope differ moderately but significantly between ingress 
and egress. The equivalent depth of C1R changes by 21% between ingress and 
egress. Similar variations are observed in Uranus’s narrow rings, and might 
be associated with normal mode oscillations that azimuthally modulate the 
width and optical depth of the rings'. Differences between C2R ingress and 
egress are marginally significant. 
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might have collided through a mechanism yet to be explained. Finally, 
a retrograde satellite might have migrated inwards and eventually been 
disrupted by tidal forces. 

We note that the mass and angular momentum of the rings and their 
hypothetical shepherds are very small (by a factor of less than 10 °) 
compared with that of Chariklo. The typical escape velocity at the sur- 
face of Chariklo is ~0.1kms 1. Thus, if an impact from an outsider 
generated the rings, it must have struck at low velocity. Whereas the 
impact velocities in the main belt of asteroids are of the order of 5 kms" ', 
they are~1kms_ in the outer Solar System, and were even lower before 
the Kuiper Belt was dynamically excited”*, which may explain why no 
rings have yet been found around main-belt asteroids. Finally, Chariklo’s 
orbit is perturbed by Uranus, which transferred the Centaur from the 
trans-Neptunian region less than ~10 Myr ago®. As estimated in Sup- 
plementary Information, a very close encounter at about five Uranus 
radii is actually necessary to disrupt the ring system. Such an event has 
a small probability of occurrence”, which supports the possibility that 
the rings formed in the trans-Neptunian region and survived the trans- 
fer episode. 
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The preparation of cold molecules is of great importance in many con- 
texts, such as fundamental physics investigations’”, high-resolution spec- 
troscopy of complex molecules**, cold chemistry® and astrochemistry*. 
One versatile and widely applied method to cool molecules is helium 
buffer-gas cooling in either a supersonic beam expansion” or a cryo- 
genic trap environment'”””. Another more recent method applicable 
to trapped molecular ions relies on sympathetic translational cooling, 
through collisional interactions with co-trapped, laser-cooled atomic 
ions, into spatially ordered structures called Coulomb crystals, com- 
bined with laser-controlled internal-state preparation®”’*~*. Here 
we present experimental results on helium buffer-gas cooling of the 
rotational degrees of freedom of MgH* molecular ions, which have 
been trapped and sympathetically cooled” in a cryogenic linear radio- 
frequency quadrupole trap. With helium collision rates of only about 
ten per second—that is, four to five orders of magnitude lower than in 
typical buffer-gas cooling settings—we have cooled a single molecular 
ion to a rotational temperature of 7.51}? kelvin, the lowest such 
temperature so far measured. In addition, by varying the shape of, 
or the number of atomic and molecular ions in, larger Coulomb 
crystals, or both, we have tuned the effective rotational temperature 
from about 7 kelvin to about 60 kelvin by changing the translational 
micromotion energy of the ions™*. The extremely low helium colli- 
sion rate may allow for sympathetic sideband cooling of single mole- 
cular ions, and eventually make quantum-logic spectroscopy” of 
buffer-gas-cooled molecular ions feasible. Furthermore, application 
of the present cooling scheme to complex molecular ions should enable 
single- or few-state manipulations of individual molecules of bio- 
logical interest**. 

Cooling of molecules through collisional interactions with a cryogen- 
ically cooled He buffer gas has in the past decades been applied to produce 
both translationally and internally cold neutral”’” as well as ionic*"’”° 
molecular species. For trapped ions, such experiments have been con- 
ducted in various types of radio-frequency traps, with the lowest temper- 
atures, of ~ 10-20 K, reached in multipole traps'’”*. In such experiments, 
translational, vibrational and rotational degrees of freedom have to be 
cooled simultaneously, with the result that He densities of the order of 
10'*-10'° cm * are required to achieve efficient cooling. 

In recent years, researchers have investigated alternative strategies 
to produce cold molecular ions. These have been based on combining 
translational sympathetic cooling through interactions with directly laser- 
cooled atomic ions®”'** with laser-based methods for internal-state 
preparation’*”°. In these scenarios, the translational-cooling scheme 
is indeed very versatile and can fairly easily bring the translational tem- 
perature into the millikelvin’’ and even the microkelvin range, although 
internal-state preparation has to be tailored to the specific molecule'*°. 
The ideal state preparation scheme would, however, be one that pro- 
vides extremely low translational temperatures and cold internal-state 
distributions simultaneously, and, in addition, allows for coherent manip- 
ulation of the molecules. 


In the present Letter, we present results of He buffer-gas cooling ina 
novel setting where MgH* ions are trapped in a cryogenically cooled, 
linear, radio-frequency quadrupole trap and translationally cooled through 
Coulomb interaction with simultaneously trapped, laser-cooled atomic 
Mg* ions!®. Under these conditions, the interaction with the He buffer 
gas is needed only to cool the rovibrational degrees of freedom, and, 
consequently, He densities of only ~ 10'°cm_ °, that is, four to five orders 
of magnitude lower than in typical buffer-gas cooling settings, are suf- 
ficient for efficient cooling. The internal-state cooling rate has simply 
to exceed any heating rates present in the trapping environment. Because 
the vibrational degree of freedom of the MgH” ions is already frozen 
out at room temperature (>99.9% probability of being in the vibrational 
ground state), at the cryogenic temperatures considered here this degree 
of freedom can be entirely disregarded. In contrast to previous experi- 
ments on He buffer-gas cooling, we directly measure the full rotational- 
state distribution of the cold molecules. For a single MgH * ion, we obtain a 
rotational-state distribution corresponding to a temperature of 7.5*95 K, 
the lowest yet reported for a buffer-gas-cooled molecular ion. Further- 
more, by exploiting the fact that ions positioned away from the radio- 
frequency field-free axis of the linear trap exhibit a driven motion at the 
trapping radio frequency, called ‘micromotion™, we are able to tune the 
effective collisional temperature between the MgH™ ions and He atoms 
from ~ 7 K to ~60 K, just by changing the shape, size or ion composition of 
the Coulomb crystal. Importantly, we prove that the rotational temperature 
is in equilibrium with the effective collisional temperature. These results 
have immediate ramifications for studies of state-dependent processes 
involving smaller molecular ions of astrophysical interest. Furthermore, 
they should make it possible to perform single-ion experiments with larger 
molecular ions of biological relevance under significantly improved control. 

The apparatus used in the experiments is described in detail elsewhere*”’, 
and the essential parameters for calculating the effect of micromotion 
on the collisional dynamics are presented in Supplementary Informa- 
tion. A typical experimental sequence starts with isotope-selective loading 
of “Mg” ions into the trap through resonance-enhanced photoioni- 
zation of atoms from an effusive beam crossing the centre of the trap”. 
By exciting the 3s *S,,. > 3p *P3,2 transition of these ions using light of 
wavelength 280 nm, they are laser-cooled into a Coulomb crystal. Next, 
H, gas is leaked into the inner trap enclosure (kept at ~ 5 K) througha 
thin stainless steel tube in thermal contact with a surrounding thermal 
shielding box at ~40 K, and MgH" ions are produced in exothermic 
reactions with Mg” ions in the 3p *P3, state’’. When the desired frac- 
tion of atomic ions has reacted, a valve controlling the H, gas inlet is 
closed and He gas is leaked in through the same tube. Within a fraction 
of a second (see below), the rotational-state distribution of the MgH* 
ions in the vibrational ground state equilibrates under the specified col- 
lisional conditions. Finally, through the application of resonance-enhanced 
multiphoton dissociation (REMPD) with rotational-state resolution, 
we determine the population in the individual rotational states (this 
technique is described in detail in ref. 18). 
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In Fig. 1, projection images of a series of Coulomb crystals, in which 
MgH” ions experience various buffer-gas collision conditions due to 
the spatially dependent, radio-frequency-field-induced micromotion, are 
presented (upper panels) together with the respective measured rotational- 
state distributions (middle panels). It is clear in all five cases that the 
rotational distributions closely resemble thermal ones at different tem- 
peratures. Because the full three-dimensional velocity distribution of 
the MgH” ions due to micromotion is well known for any given crys- 
tal (Supplementary Information), knowledge of the velocity distribution 
of the He buffer gas in the trapping region will completely characterize 
the collision conditions. Fortunately, because a single MgH* ion sym- 
pathetically cooled by a single atomic ion as in Fig. 1a does not exhibit 
appreciable micromotion (the micromotion energy has been measured 
to be well below an equivalent temperature of 1 K), only the buffer-gas 
velocity distribution contributes to the collisional dynamics here. Con- 
sequently, if we assume thermal equilibrium between the translational 
and rotational degrees of freedom in the collision, we can infer the He 
gas temperature from the measured rotational-state distribution. Using 
this distribution, we arrive at a He gas temperature of 8.71 }:9 K (Sup- 
plementary Information). The corresponding single-ion collisional-speed 
distribution in the centre-of-mass (COM) frame is presented in the lower 
panel of Fig. 1a. Using a He temperature of 8.7 K for each of the other 
four cases in Fig. 1, we present the calculated speed distributions in the 
COM frame as solid curves in the lower panels together with thermal 
distributions with the same average kinetic energy (dashed lines). Although 
the micromotion velocity distribution is not thermal, the speed distri- 
bution is still very close to being thermal. This is because micromotion 
is induced only alonga single spatial direction at any given point in space, 
whereas the He velocity distribution can be assumed isotropic. 

In addition to the full rotational distributions presented in Fig. 1, we 
have measured the rotational ground-state population for a larger set 
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of Coulomb crystals. In Fig. 2a, this population is plotted as a function 
of the average micromotion energy, F,,,, and is seen to be a monoton- 
ically decreasing function of E,,,. Larger error bars for the black points 
result from an uncertainty in the dissociation efficiency when not mea- 
suring the whole rotational distribution. In the inset of Fig. 2a, we plot 
the dissociation efficiency for the measurements with full determina- 
tion of the rotational distribution, together with a conservative estimate 
of its range for the remaining cases at higher values of E,,,. Assuming 
rotational ground-state populations corresponding to those of ther- 
mal distributions, we show the inferred rotational temperature versus 
E,vg in Fig. 2b. Moreover, in the inset in Fig. 2b we plot the calculated 
COM collisional-speed distribution for the experiment with the highest 
value of E,yg. This distribution is quite distorted relative to a thermal 
one with the same average energy. In Fig. 3, we finally plot the rota- 
tional temperature presented in Fig. 2 as a function of the average 
collisional temperature, T.,), defined as 
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where kg is Boltzmann’s constant and T;;, is the He temperature. Details 
about the latter formula can be found in Supplementary Information. 
Within the uncertainties, we find excellent agreement between the mea- 
sured rotational and the calculated collisional temperatures, for all data 
points. The only a-priori unknown parameter for the collisional dynamics, 
Tre we fixed from the MgH"™ single-ion experiment to be 8.7 K. Impor- 
tantly, independent control of the shape, size and composition of the 
ion crystal makes us able to exploit micromotion to tune the rotational 
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Figure 1 | Spatial, rotational and collisional speed distributions. Upper 
panels: projection images of a series of Coulomb crystals with a varying 
numbers of Mg* and MgH" ions: (Nig, Nuigis) = (1, 1) (a), (950, 600) 

(b), (1,750, 2,750) (c), (4,900, 1,250) (d), (5,500, 13,200) (e). In b-e the yellow 
ellipse indicates the outer boundary of the Coulomb crystals, and in a the circle 
indicates the position of the single MgH™ ion. The crystals are cylindrically 
symmetric around the horizontal axis. Only the fluorescing Mg" ions are 
visible (white regions). Centre panels: measured rotational-state distributions 
including 1-s.e.m. error bars (dark-coloured bars), as well as best fits to thermal 
distributions (light-coloured bars) for the crystals b-e. J, rotational quantum 
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number. For the single MgH” ion (a), the heights of the dark-coloured bars are 
obtained from the number of REMPD-induced dissociation events and the 
number of applied REMPD pulses. The total number of dissociation attempts 
was 665. The corresponding best fit of the rotational temperature is obtained 
from a maximum-likelihood estimate (light-coloured bars). The error bars 
indicate the 1-s.d. uncertainty of this estimate. The estimated rotational 
temperatures are 7.6 K (a), 12 K (b), 15 K (c), 20 K (d) and 23 K (e). Lower 
panels: calculated collisional-speed distributions in the COM reference frame 
of the MgH ‘-He system, for a He gas at Tye = 8.7 K (solid lines), together with 
thermal distributions with the same kinetic energies (dashed lines). 
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Figure 2 | Rotational ground-state populations and temperatures. 

a, Measured rotational ground-state population versus average micromotion 
energy (see text and Supplementary Information). Error bars, 1 s.d. Inset: 
measured dissociation efficiencies for the experiments presented in Fig. 1 

and estimations of those for the experiments where only dissociation out of the 
J = Ostate was carried out. The dashed lines indicate conservative boundaries of 
the latter. b, Rotational temperatures corresponding to the measured J = 0 
populations. The coloured points correspond to the fitted distributions in Fig. 1. 
Error bars, 1 s.d. Inset: calculated collisional-speed distribution for the 
rightmost, grey-coloured, data point. For this extreme micromotion energy, 

a strong deviation from a thermal distribution is noticeable. The different black 
symbols correspond to different applied radio-frequency voltages: U,,= 125 V 
(triangles), 145 V (circles) and 185 V (squares). We note that the vertical 
error bars on some points are smaller than the size of the data points. 


temperature from ~7 K to ~60 K, and hence cover temperatures both 
considerably below and considerably above the steady-state tempera- 
ture without the buffer gas (33 K). For the case of single molecular ions, 
the rotational temperature may be tuned as well, by momentarily moving 
the ion into regions with large, but controlled, micromotion. 

Analternative method to reach low rotational temperatures is passive 
radiative cooling in a cryogenic environment. However, for the lowest 
temperature we report, such a scheme will require cooling periods several 
orders of magnitude longer, and it will furthermore be inapplicable for 
internal-state cooling of non-polar molecules, for which buffer-gas cool- 
ing is known to work”. 

We have also studied the cooling dynamics by measuring the times 
taken for the rotational ground state to refill after first being emptied 
by a set of REMPD pulses. Because our REMPD laser system is cur- 
rently limited to a 10-Hz repetition rate, observation of the refilling 
dynamics required a decrease in the He buffer-gas pressure by a factor 
of ten relative to the values used for the experimental results presented 
in Figs 1-3. In Fig. 4, we plot the rotational ground-state population 
as a function of the delay of a second set of REMPD pulses after full 
depletion of the ground state. From the fit to the data points, we find a 
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Figure 3 | Rotational temperature versus collisional temperature. 
Rotational temperatures, T,.:, corresponding to the measured J = 0 
populations as in Fig. 2b, with the average micromotion energy replaced with 
the effective collisional temperature (see text and Supplementary Information). 
Error bars, 1 s.d. The light purple dashed line indicates T,.¢ = Toy, and the 
horizontal dashed orange line indicates the rotational temperature in the case of 
no buffer gas (T = 33 K). Inset: the corresponding rotational-state distribution. 
Error bars, 1 s.e.m. We note that the vertical error bars on some points are 
smaller than the size of the data points. 


refilling rate of about 1s— ', which for the above experimental con- 
dition translates into a rate of 10s 1. With a He temperature of 8.7 K, 
and assuming the cooling rate to be roughly equal to the Langevin col- 
lision rate, we estimate the He density and pressure to be 10'°cm 7 and 
10 ® mbar, respectively, or four to five orders of magnitude lower than 
usually used in buffer-gas cooling experiments”'’. Owing to this extremely 
low pressure, the He gas does not preclude sympathetic crystallization 
of the MgH" ions initially formed with kinetic energies in the range of 
~0.1 eV. Moreover, the method should also allow for the introduction 
of molecular ions from an external source. We have indirectly tested 
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Figure 4 | Cooling dynamics. Measured rotational ground-state population 
at different delays after its depletion. Error bars, 1 s.d. The He density was 
roughly ten times lower than that used in producing the results presented in 
Figs 1-3, to be able to resolve the dynamics with the low repetition rate (10 Hz) 
of the REMPD laser. The red curve is an exponential fit to the data, yielding a 
refilling rate of 0.8 + 0.2 s |. From this rate, we extrapolate the rate under 
the experimental conditions of Figs 1-3 to be ~ 10s’. Inset: projection image 
of the crystal with (Nig, Nuigts) = (650, 950) used for this refilling data. 
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this possibility by producing a single, non-laser-cooled "Mg" ion with 
a kinetic energy of several electronvolts by means of isotope-selective 
photoionization, and sympathetically crystallizing it with a single, laser- 
cooled **Mg” ion in the presence of the He buffer gas. Finally, we have 
demonstrated that it is possible to increase the buffer-gas pressure, and 
thus the cooling rate, by a factor of at least five relative to the conditions 
leading to the results presented in Figs 1-3. Such higher cooling rates 
may be important for efficient rovibrational cooling of larger molecules 
with significantly more internal motional degrees of freedom. 

The low buffer-gas collision rate achieved in the present experiment 
should enable investigations of laser-induced coherent processes as a 
function of the rotational temperature at the single-molecular level by 
momentarily moving the molecular ion away from the radio-frequency 
nodal line of the trapping potential. Applied to single molecules of 
biological interest, this could potentially be important for unravelling 
complex energy transport mechanisms such as those governing the 
coherent phenomena observed in light-harvesting molecules”. Even 
lower temperatures may potentially be reached using a buffer gas con- 
sisting of laser-cooled atoms. Although challenges remain in relation 
to potential reactive collisions, recent results have demonstrated vibra- 
tional cooling of BaCl* ions from 300 K to 200 K by means of a gas of 
calcium atoms laser-cooled to a few millikelvin”. 

In the future, the technique presented here could even open up the 
possibility of combining internal-state buffer-gas cooling with trans- 
lational sympathetic sideband cooling. Combined with a probabilistic 
state-preparation scheme for single-molecular ions”, this could bring 
within reach complete quantum-state preparation of a broad range of 
molecules for spectroscopic and ultracold ion-chemistry studies. 
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The concepts and ideas of coherent, nonlinear and quantum optics 
have been extended to photon energies in the range of 10-100 kilo- 
electronvolts, corresponding to soft y-ray radiation (the term used 
when the radiation is produced in nuclear transitions) or, equiva- 
lently, hard X-ray radiation (the term used when the radiation is 
produced by electron motion). The recent experimental achievements 
in this energy range include the demonstration of parametric down- 
conversion in the Langevin regime’, electromagnetically induced 
transparency in a cavity’, the collective Lamb shift’, vacuum-assisted 
generation of atomic coherences‘ and single-photon revival in nuc- 
lear absorbing multilayer structures’. Also, realization of single- 
photon coherent storage® and stimulated Raman adiabatic passage’ 
were recently proposed in this regime. More related work is discussed 
in a recent review*. However, the number of tools for the coherent 
manipulation of interactions between y-ray photons and nuclear 
ensembles remains limited. Here we suggest and implement an effi- 
cient method to control the waveforms of y-ray photons coherently. 
In particular, we demonstrate the conversion of individual recoil- 
less y-ray photons into a coherent, ultrashort pulse train and into a 
double pulse. Our method is based on the resonant interaction of 
y-ray photons with an ensemble of nuclei with a resonant transition 
frequency that is periodically modulated in time. The frequency mod- 
ulation, which is achieved by a uniform vibration of the resonant 
absorber, owing to the Doppler effect, renders resonant absorption 
and dispersion both time dependent, allowing us to shape the wave- 
forms of the incident y-ray photons. We expect that this technique 
will lead to advances in the emerging fields of coherent and quan- 
tum y-ray photon optics, providing a basis for the realization of 
y-ray-photon/nuclear-ensemble interfaces and quantum interfer- 
ence effects at nuclear y-ray transitions. 

Quantum optics deals with the interaction of photons with the quan- 
tum transitions of matter, providing the basis for the new, fast-growing 
fields of quantum cryptography, quantum communication and quan- 
tum information (see, for example, ref. 9 and references therein). So far, 
experiments in these fields have been implemented with either micro- 
wave or optical photons interacting with atomic transitions, and typ- 
ically require cryogenic temperatures. 

The y-ray photons (for which we use the shorthand “y-photons’) in 
the 10-100-keV energy range have important potential advantages over 
the microwave and optical photons for applications in quantum cryp- 
tography, communication and information, for a number of reasons. 
First, with such photons there is nearly 100% detector efficiency and 
low noise (almost no false detections). Second, there is extremely high 
(potentially sub-angstrom and, at the moment, nanometre’®) spatial 
resolution. This removes what is now a fundamental limitation on the 
creation of nanoscale photonic circuits set by the diffraction limit, which 
is ~1 jm for optical photons. Third, they have a high penetration depth 
in many materials that are opaque to optical photons. Fourth, with such 
photons the capacity of information channels is potentially much higher. 


Nuclear transitions in solids in this energy range have a number of 
advantages compared with electronic optical transitions. They may pre- 
sent perfect two-level systems with very narrow linewidths (for example 
1.1 MHz for the 14.4-keV transition in *’Fe) owing to the Méssbauer 
effect (even at room temperature) and deep shielding from the envir- 
onment. The quality factor for the 14.4-keV transition is Q = 3 X 10%, 
as per definition: Q is the ratio of resonance energy to bandwidth. 
Coherent multiple scattering of a y-photon in an optically thick, resonant 
absorber enables potential applications for single y-photon/nuclear- 
ensemble interfaces owing to the collective enhancement of the photon- 
nucleus interaction. We note that in the optical range such single-photon/ 
atomic-ensemble interfaces have been developed recently as a powerful 
alternative to cavity-enhanced single-photon/single-atom interfaces’’. 
Moreover, natural sources of single y-photons exist in the form of low- 
activity radioactive sources, for which discrete emissions well separated 
in time (compared with the natural lifetime of the level) ensure the single- 
photon nature of the radiation. Also, the cascade scheme of the decay, 
characteristic of some radioactive Méssbauer sources (for example 57Co; 
Fig. 1a), ensures heralding of the emission of the second y-photon by 
detection of the first y-photon in the cascade, which ‘starts the clock’ 
for measuring the waveform of the second photon”. 

The methods for coherently controlling temporal waveforms of single 
photons (well developed in optics owing to the use of high-finesse cav- 
ities and bright, coherent sources of radiation) are limited in y-optics, 
although the emerging state-of-the-art facilities, such as self-seeded 
hard X-ray free-electron lasers’* and nearly 100% reflecting mirrors”, 
will provide an impetus for the development of such techniques. 

We propose an efficient method to shape y-photons in an optically 
thick, uniformly vibrating, resonant, recoilless absorber, and perform a 
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Figure 1 | Energy scheme of emission and resonant absorption of a 
14.4-keV photon. a, The *’Co nuclide in the state |d) decays with half-life of 
T12 = 272d, producing an *’Fe nucleus in the state |c), which decays with a 
lifetime of T. = 12 ns to the state |b), emitting a 122-keV y-photon. The state 
|b) decays with lifetime of T, = 141 ns to the ground state, |a), emitting a 
14.4-keV photon. b, The 14.4-keV transition between the ground state, |1), and 
the first excited state, |2), of the absorbing °’Fe nucleus with the linewidth 
1.13 MHz. 
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proof-of-principle experiment with a *’Co source of single y-photons 
and a >’Fe absorber (Fig. 1). 

The basic idea is that the vibration of an absorber leads to periodic 
modulation of the resonant |1) <> |2) nuclear transition frequency (Fig. 1b) 
with respect to the frequency of the incident photons owing to the 
Doppler effect. As a result, the quasi-monochromatic incident radi- 
ation is transformed during its propagation into a spectral comb at the 
point where it exits the absorber. The relative amplitudes and phases of 
the produced spectral components are defined by the vibration ampli- 
tude and frequency, the detuning of the central frequency of the source 
from the resonant frequency of the absorber, the source and absorber 
linewidths, and the absorber optical depth. By changing these para- 
meters, we can adjust the amplitudes and phases of the output spectral 
components and produce waveforms different from the incident y- 
photons. In particular, the creation ofa constant phase difference between 
equidistant neighbouring spectral components of comparable amplitude 
would result in a sequence of pronounced, bandwidth-limited pulses. 

The discussed method to produce ultrashort y-ray pulses essentially 
constitutes a ‘y-ray implementation of a general approach based on the 
ultrafast variation of the parameters of a resonant quantum transition 
(see ref. 15 and references therein). Whereas in the case of atomic tran- 
sitions the modulation of the transition frequency was produced by the 
quasi-static Stark effect in a strong laser field, in the case of nuclear tran- 
sitions it is due to the Doppler effect. This resonant parametric technique, 
unlike the traditional techniques of nonlinear optics, does not require a 
high intensity of incoming radiation and, hence, can be implemented 
even in the single-photon regime. 

The frequency modulation of recoilless emission by mechanical vibra- 
tion has been intensively studied since the late 1970s in applications to 
spectroscopic measurements and the calibration of mechanical dis- 
placements (see refs 16, 17 and references therein). Recently, there was 
a suggestion to produce ultrashort y-pulses using a vibrating source, 
emitting frequency-modulated radiation, with a far-off-resonance absorber 
compensating the phase mismatch of the incident y-radiation spectral 
components’®. Although sound in principle, that proposal is difficult 
to implement experimentally, because weak non-resonant interaction 
requires an absorber so thick that off-resonance losses are undesirably 
large. Use of a resonant absorber resolves that problem. Also, in prac- 
tice it is easier to realize uniform oscillations of a thin, resonant absor- 
ber than of a radiative source. 

The scheme of our experimental set-up is given in Fig. 2. Obser- 
vation of a single-photon waveform, shaped by the vibrating, resonant 
absorber, is based on the time-delayed coincidence counts of the sequen- 
tially emitted 122-keV and 14.4-keV y-photons (Fig. 1a). Registering a 
122-keV photon defines the initial moment, fo, of the formation of the 
14.4-keV state and the beginning of photon emission (equation (2); all 
numbered equations are in Methods). We measure the delay, t = t — fo, 
in the detection of the 14.4-keV photon at the exit of the absorber with 
a 5-ns bin width, repeating this procedure many times. As a result, we 
obtain the coincidence count rate, as a function of delay, N(t), corres- 
ponding to the single-photon waveform | 'Y(z)|? (refs 5, 12, 16-21). 
These experiments are essentially inspired by the recent demonstra- 
tion of a new technique for optical single-photon shaping”. 

Transmission through the absorber vibrating with frequency Q results 
in the reshaping of the exponential waveform of the incident photon. 
The output shape depends on the vibration phase, % = to, at time fo, 
but because emission of 122-keV photon is a stochastic process, 9% 
is random. To reveal the coherent effect of the absorber vibration on 
the 14.4-keV-photon waveform, we collect only the coincidence counts 
of 122-keV photons and those 14.4-keV photons whose 122-keV pho- 
tons were detected within short intervals, dt, around the times oie — 
(% + 2nn)/Q, where n = 0, 1,2, ... (Fig. 2), corresponding to the same 
vibration phase, %. 

This technique allowed us to demonstrate the temporal compres- 
sion of an individual y-photon into a decaying train of ultrashort pulses 
that were an order of magnitude shorter than the decay time of the 
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Figure 2 | Experimental set-up for y-photon waveform control. The emitter 
(E) is a radioactive °’Co:Rh foil. It can be moved by the Méssbauer transducer 
with tunable constant velocity, Vem, relative to the absorber (A), which is 
25-m-thick stainless-steel foil with a natural abundance (~2%) of *’Fe 
(optical depth, Ty, = 5.18). It is glued on the polyvinylidene fluoride 
piezo-transducer that transforms the sinusoidal signal from the 
radio-frequency generator (G) into the uniform vibration (R, vibration 
amplitude). The time-to-amplitude converter (TAC), operating in the 
coincidence mode, receives the ‘start’ pulse, produced by detector D1 on 
registration of a 122-keV photon, and the ‘stop’ pulse, produced by detector D2 
on registration of a 14.4-keV photon transmitted by the vibrating absorber. The 
delay, t, between the stop and start pulses is measured by the pulse-height 
analyser (PHA). At times 5 {) , matching the chosen vibration phase, 

at = = +2nn, the generator also produces ‘gate-in’ signals, allowing TAC 
aad PHA to measure the t provided. that the 122-keV photon is received only 
within the short interval between n and e 4 dt. 


excited nuclear state (Fig. 3b). In the following, we show experimental 
results that were obtained under conditions leading to pulses with max- 
imum peak height for the given absorber thickness. 

The physical origin of the waveform transformation is revealed by 
spectral analysis. The spectrum (Fig. 3a, inset) of the quasi-monochromatic 
incoming photon (Fig. 3b, red dashed curve) in the laboratory reference 
frame is ‘seen’ by the vibrating nuclei of the absorber as a comb of equi- 
distant spectral components separated by the vibration frequency, Q 
(Fig. 3a and equations (4) and (5)). Under the chosen modulation index, 
p = 1.8 (see Methods), there are seven major spectral components. It 
can be seen that the upper-frequency sidebands are phase-matched 
with a phase difference of m between each neighbouring pair (brown 
squares), whereas three lower-frequency sidebands are phase matched 
with a phase difference of 0 (green triangles). Taking into account the 
equivalence of 2mn-shifted phases of the ‘—2’ and ‘+2’ sidebands 
(Fig. 3a), we can match five major spectral components, eliminating 
either the “—1’ or the ‘+1’ sideband by tuning it to the absorber res- 
onance (by properly choosing the constant velocity of the source with 
respect to the absorber). This leads to the waveforms shown by the red 
line in Fig. 3b (elimination of ‘— 1’) and blue line in the inset of Fig. 3b 
(elimination of “+ 1’). In terms of the shift of the produced pulse train 
relative to the front edge of the photon, these waveforms differ from 
each other by half the vibration cycle, m/Q. Owing to constructive 
interference of the generated sidebands, the peak values of the count 
rate rise above the exponential waveform of the incident photon. Even 
higher peak heights will be achieved if, instead of suppression of the 
phase-mismatched sideband through resonant absorption, its phase is 
shifted by m through resonant dispersion. Such a phase shift requires 
detuning from the exact resonance and a several-fold greater resonant 
optical depth; without strong off-resonance photoelectric absorption, 
it can be realized in a stainless-steel film highly enriched with °’Fe. 

We also demonstrate the possibility of a single photon splitting into 
two pulses (Fig. 3c), for the first time realizing a time-bin qubit in the 
y-ray frequency range”’. The time interval between the pulses and the ratio 
of their amplitudes can be controlled by the vibration phase (Methods). 

A direct count rate of the whole flow of the 14.4-keV photons versus 
time starting from ig (without binding to the 122-keV photons) cor- 
responds to averaging the 14.4-keV-photon count rate, N(t — fo), over 
the time fy (equation (12)). In this case, the random flow of y-photons 
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Figure 3 | Shaping of y-photon. a, Spectrum of the incident 14.4-keV-photon 
waveform in the reference frame of the vibrating absorber and in the laboratory 
reference frame (inset), calculated according to equation (5) (blue solid and 
red dashed lines are spectral amplitudes and phases, respectively). Central 
phases of the lower-frequency, principle-frequency and upper-frequency 
components are labelled by triangles, circle and squares, respectively. The 
vibration frequency, phase and amplitude (modulation index) are respectively 
Q/2n = 10.2 MHz, 9) =0 and R = 0.25 A (p = 1.8). a.u,, arbitrary units. b, The 
normalized coincidence count rate of 14.4-keV photons, N(t)/N(0), passed 
through the vibrating absorber (y-photon waveform). The ‘—1’ sideband is 
tuned to the absorber spectral line by moving the emitter towards the absorber 
with velocity Van = 0.88 mm s_'. The experimental data are blue dots, the 
background is subtracted and the error bars are estimated from photon 
counting statistics as \/N(t)/N(0). Red solid and dashed curves are plotted 
according to equation (11) and equation (3), respectively. Upper inset, 
sinusoidal vibration of the absorber and the acquisition interval, Qdt = 1/2, 
limited by the equipment used. Lower inset, the single-photon waveform in the 
case where the ‘+ 1’ sideband is tuned to the absorber resonance. c, The 
14.4-keV-photon waveform in the case where Q/2m = 2.6 MHz, 9% = —0.3n, 
R=0.9A (p = 6.58), the emitter is moved towards the absorber with velocity 
Vem = 1.13mms’ (tuning the “—5’ sideband to the absorber resonance), 
and the acquisition interval is 1/8 (upper inset). Lower inset, the 14.4-keV- 
photon waveform under the same conditions, except that V.., = —1.13 mms 
(tuning the ‘+5’ sideband to the absorber resonance). 


1 


transforms into a train of nanosecond pulses (Fig. 4). The pulse repe- 
tition period is equal to 27/Q, and the pulse duration is defined by the 
inverse of the product of the number of phase-matched components 
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Figure 4 | Pulses of Méssbauer radiation. Count rate of the 14.4-keV photons 
versus time in the case where detector D1 is removed and the ‘gate-in’ signal, 
matched with the zero phase of vibration, triggers TAC and PHA to 

measure time elapsed until detector D2 produces a ‘stop’ signal on registration 
of 14.4-keV photon. Repeating this procedure many times results in a count 
rate of the 14.4-keV photons versus time corresponding to the intensity of 
14.4-keV radiation. The constant velocity, Vem, of the emitter towards the 
absorber tunes the ‘“— 1’ sideband to the absorber resonance (Fig. 3a). 

a, Q/2n = 5.16 MHz, Vem = 0.44mms!, R= 0.25 A, (p = 1.8); 

b, Q/2n = 10.2 MHz, Vem = 0.87 mms” !, R= 0.25 A (p = 1.8); 

¢, Q/2n = 5.16 MHz, Vem = 0.44mms-!, R = 0.27 A (p = 2); 

d, Q/2n = 10.2 MHz, Vem = 0.87 mms~', R= 0.27 A (p = 2). The 
experimental data are blue dots and the error bars are estimated from photon 
counting statistics as above. The red solid line is plotted according to 
equations (13) and (14). 


(proportional to the modulation index) and the modulation frequency. 
An increase in the vibration frequency at a fixed vibration amplitude 
results in a proportional shortening of both the pulse duration and the 
repetition period, owing to an increase in the separation between the 
sidebands (compare Fig. 4a with Fig. 4b and Fig. 4c with Fig. 4d). An 
increase in the vibration amplitude at a fixed vibration frequency results 
in a pulse shortening without change in the repetition period, owing to 
an increase in the number of sidebands (compare Fig. 4a with Fig. 4c 
and Fig. 4b with Fig. 4d). However, the short, intense pulses are accom- 
panied by the additional weak pulses appearing as a result of the phase- 
mismatched components. 

The maximum potentially available vibration frequency is 1 GHz 
with rather small modulation index, p < 2. A much higher modulation 
index (p > 10) may be achieved with moderate modulation frequen- 
cies (10-100 MHz), but in this case additional care should be taken in 
phase-matching the produced sidebands (using, for example, a chain of 
properly tuned resonantly absorbing foils or external phase synchron- 
ization by the diffraction gratings). Thus, the shortest pulses, which 
potentially could be produced by that technique, are limited to 100 ps 
(unless other methods providing higher modulation frequency and 
higher modulation index of the nuclear transition are used). 

The described set-up is at present the only known tabletop source of 
ultrashort y-ray pulses. The parameters of the pulses, including the 
shape and number of pulses, the repetition rate (potentially variable in 
the megahertz—gigahertz range) and the duration (potentially 100 ns— 
100 ps), can be widely controlled. This allows for a variety of time-resolved 
experiments (including dynamic X-ray diffraction) directly in local labs, 
although such a tabletop set-up cannot compete, in terms of pulse dura- 
tion and photon flux, with modern synchrotrons™*. However, it has two 
unique features leading to applications that are unavailable with other 
existing sources of ultrashort X-ray pulses. 

First, the produced pulses have exclusive spectral-temporal prop- 
erties. At the moment, they are the only nearly transform-limited ultra- 
short pulses that can be produced in this frequency range. They can be 
used to generate frequency combs with a fixed frequency interval and 
phase-matched spectral components, providing a unique combination 
of wide spectral coverage and narrow spectral width for each component. 
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Such pulses are promising for the realization of frequency comb spec- 
troscopy (broadband, high-spectral-resolution spectroscopy) of nuclei 
in solids in the 10-100-keV energy range as well as time-resolved Més- 
sbauer spectroscopy. They can also be used for efficient preparation of 
a coherent superposition of nuclear states, and for realization of quan- 
tum interference effects such as modulation-induced transparency” 
and electromagnetically induced transparency**”’. The last effect has 
numerous applications in the optical frequency range, such as the 
implementation of resonantly enhanced nonlinearities (including sin- 
gle-photon nonlinearities), slow and stored light, lasing without inver- 
sion, and so on (see ref. 28 and references therein). Similar applications 
may be anticipated in the y-ray range. 

Second, at the moment our tabletop set-up is the only source of 
single-photon, ultrashort pulses with efficiently controllable waveforms. 
The splitting of the single photon into two pulses constitutes the first 
realization of a time-bin qubit in this range of frequencies. The pro- 
duction of single-photon, ultrashort-pulse trains with pulse duration 
much shorter than the natural lifetime of the emitting nuclear level and 
with controllable waveforms provides a unique opportunity for the 
realization of quantum memories”? and other nuclear-ensemble/ 
-photon interfaces, opening the way to applications in quantum com- 
munication and information. 


METHODS SUMMARY 


The transformation of a recoilless, spontaneously emitted y-photon on its pro- 
pagation through a uniformly vibrating, resonant Méssbauer absorber is described 
semiclassically by numerically and analytically solving the Maxwell-Bloch equa- 
tions with a harmonically modulated nuclear transition frequency in the rotating- 
wave and linear approximations. Modification of the shape of the y-photon at the 
exit of the absorber is studied as a function of the parameters of the system, such as 
the frequency and amplitude of modulation, the detuning of the central frequency 
of the source from the resonance frequency of the absorber, and the vibration phase 
at the time of the y-photon arriving at the absorber entrance. 

We numerically plot waveforms for different parameter values to demonstrate 
how to produce a variety of waveforms from a single y-photon (including a decay- 
ing train of ultrashort pulses, a double pulse and a single triangular pulse). The 
regime of formation ofa train of y-ray pulses with pulse-to-pulse coherence and a 
duration an order of magnitude less than the natural relaxation time of the res- 
onant nuclear transition is described analytically within a simplified model. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Highly siderophile elements in Earth’s mantle as a 
clock for the Moon-forming impact 


Seth A. Jacobson”, Alessandro Morbidelli!, Sean N. Raymond*", David P. O’Brien”, Kevin J. Walsh® & David C. Rubie? 


According to the generally accepted scenario, the last giant impact on 
Earth formed the Moon and initiated the final phase of core forma- 
tion by melting Earth’s mantle. A key goal of geochemistry is to date 
this event, but different ages have been proposed. Some’? argue for 
an early Moon-forming event, approximately 30 million years (Myr) 
after the condensation of the first solids in the Solar System, whereas 
others* ° claim a date later than 50 Myr (and possibly as late as around 
100 Myr) after condensation. Here we show that a Moon-forming 
event at 40 Myr after condensation, or earlier, is ruled out at a 99.9 
per cent confidence level. We use a large number of N-body simula- 
tions to demonstrate a relationship between the time of the last giant 
impact on an Earth-like planet and the amount of mass subsequently 
added during the era known as Late Accretion. As the last giant 
impact is delayed, the late-accreted mass decreases in a predictable 
fashion. This relationship exists within both the classical scenario”* 
and the Grand Tack scenario®””® of terrestrial planet formation, and 
holds across a wide range of disk conditions. The concentration of 
highly siderophile elements (HSEs) in Earth’s mantle constrains the 
mass of chondritic material added to Earth during Late Accretion’. 
Using HSE abundance measurements’*"*, we determine a Moon- 
formation age of 95 + 32 Myr after condensation. The possibility 
exists that some late projectiles were differentiated and left an incom- 
plete HSE record in Earth’s mantle. Even in this case, various isotopic 
constraints strongly suggest that the late-accreted mass did not 
exceed 1 per cent of Earth’s mass, and so the HSE clock still robustly 
limits the timing of the Moon-forming event to significantly later 
than 40 Myr after condensation. 

The Moon-forming impact must be the last giant impact experienced 
by Earth, because both Earth and Moon share an almost identical iso- 
topic composition. This giant impact melted Earth’s mantle and formed 
the final global magma ocean, causing core-mantle differentiation, and 
it possibly removed a significant portion of Earth’s atmosphere. These 
events can be dated using radiometric chronometers. Unfortunately, 
the age of the Moon differs substantially from one chronometer to the 
next owing to assumptions in the computation of the so-called model 
ages. For instance, Touboul et al. measured very similar ‘**W/'**W 
ratios for both Earth and the Moon and, given the differences in Hf/W 
ratios estimated at the time for the two bodies, concluded that the Moon- 
forming event must have been 62 +} Myr after condensation. (Through- 
out, we use ‘after condensation’ to mean ‘since the birth of the Solar 
System’; see online-only Methods for details.) In this way, the radio- 
active '*’Hf would have almost fully decayed into *’W beforehand, thus 
easily accounting for the almost nonexistent difference in '**W/'**W 
ratios between the Moon and Earth. However, Konig et al.’° subsequently 
determined that the Hf/W ratios in Earth and Moon are instead ident- 
ical, voiding this reasoning and leaving the problem of dating the Moon- 
forming event wide open. 

We approach this problem from a new direction, using a large num- 
ber of N-body simulations of the accretion of the terrestrial planets from 
a disk of planetesimals and planetary embryos. The simulations extend 


across the range of well-studied and successful scenarios (for example, 
typically creating the right number of planets on the correct orbits) and 
fall into two categories. First, classical simulations assume that the disk 
of terrestrial building blocks extended from an inner edge at 0.3-0.7 AU 
(where 1 Au is the Earth-Sun distance) from the Sun out to 4-4.5 AU, 
just interior to Jupiter, and that the giant planets stayed on orbits near 
their current ones. Our sample of 48 classical simulations produces 
87 Earth-like planets”*, which are broadly defined as final bodies with 
masses within a factor of two of Earth’s mass and with orbits between 
the current orbits of Mercury and Mars. In these simulations, the last 
giant impacts occur between 10 Myr and 150 Myr after the removal of 
the solar nebular gas, which happened about 3 Myr after condensation. 
The classical scenario has known shortfalls. The Mars analogues are 
too massive unless the giant planets are assumed to be initially on very 
eccentric orbits*’®. These large eccentricities, however, cannot be 
explained in the context of the formation and evolution of giant planets 
in a gas disk. Furthermore, terrestrial planets accreted in the presence 
of very eccentric giant planets are very low in water”””. 

The second category consists of simulations in which the terrestrial 
planets form from a disk with an abrupt outer edge at about 1 au; the 
inner edge remains the same as in the classical simulations. Simulated 
solar systems in this second category successfully include Mars-like 
planets”’*’’. The truncation of the outer edge can be explained by the 
early gas-driven inward-then-outward migration of Jupiter and Saturn 
known as the Grand Tack, which then produces a region of greatly 
depleted surface density between the current orbits of Mars and 
Jupiter’. These simulations best reproduce the orbital and mass distri- 
butions of the terrestrial planets, and they also explain the composi- 
tional structure of the asteroid belt’. Moreover, Earth-like planets 
accrete volumes of water that are consistent with estimates of Earth’s 
water content’. Previously reported Grand Tack simulations feature 
last giant impacts occurring typically within about 50 Myr after the time 
of removal of the solar nebular gas”'*'*. We complement those simula- 
tions with new ones (resulting in a total of 211 Grand Tack simulations, 
producing 354 Earth-like planets). 

All Grand Tack simulations produce planetary systems that match 
the Solar System as well as or better than those obtained from classical 
simulations despite varying many initial disk conditions (see Extended 
Data Fig. 1), among them the initial total mass ratio between the embryo 
and planetesimal populations (from 1:1 to 8:1; see the online-only 
Methods). If the initial ratio of embryo mass to planetesimal mass is 
increased, the time of the last giant impact also increases (even to about 
150 Myr after condensation, see Extended Data Fig. 2) owing to the 
reduction of the well-known effect of dynamical friction’ —the damping 
of the eccentricities and inclinations of the larger bodies due to grav- 
itational interactions with a swarm of smaller bodies. Higher eccent- 
ricities and inclinations of the embryos diminish mutual gravitational 
focusing, increasing the accretion timescale, and consequently leading 
to later embryo-embryo collisions (that is, giant impacts). 


1Qbservatoire de la Céte d'Azur, Laboratoire Lagrange, Boulevard de I’Observatoire, BP 4229, 06304 Nice Cedex 4, France. Universitat Bayreuth, Bayerisches Geoinstitut, 95440 Bayreuth, Germany. 
3Universite Bordeaux, Laboratoire d’Astrophysique de Bordeaux, UMR 5804, 33270 Floirac, France. “CNRS, Laboratoire d’Astrophysique de Bordeaux, UMR 5804, 33270 Floirac, France. Planetary Science 
Institute, 1700 East Fort Lowell, Suite 106, Tucson, Arizona 85719, USA. °Southwest Research Institute, Planetary Science Directorate, 1050 Walnut Street, Suite 300, Boulder, Colorado 80302, USA. 
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Dynamical models alone do not indicate whether the Moon-forming 
impact occurred early (about 30 Myr after condensation) or late (about 
50-100 Myr after condensation), because the result depends on the 
initial disk conditions. However, we find a clear statistical correlation 
between the time of the Moon-forming impact and the mass subse- 
quently accreted, known as the late-accreted mass. This era of Late 
Accretion includes no giant impacts by definition and so all of the late- 
accreted mass comes from the planetesimal population. As shown in 
Fig. 1, this correlation exists across all simulations of both types: clas- 
sical and Grand Tack. We interpret this correlation by considering that 
the planetesimal population decays over a characteristic time, so that if 
the last giant impact occurs earlier, then the remaining planetesimal 
population is larger. A larger remaining planetesimal population deli- 
vers a larger late-accreted mass. Strengthening the correlation, a larger 
initial planetesimal population leads to a shorter timescale for giant 
impacts owing to enhanced dynamical friction. For any given last- 
giant-impact time, Earth-like planets in the classical simulations 
acquire larger late-accreted masses than those in the Grand Tack simu- 
lations (see Fig. 1), because the planetesimal population is more dis- 
persed in the classical scenario and therefore decays more slowly. 


Earth-like planets from 
classical simulations 


Earth-like planets from 
Grand Tack simulations 
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_ Running geometric mean of 
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Figure 1 | The late-accreted mass relative to each synthetic Earth-like 
planet’s final mass as a function of the time of the last giant impact. 
Triangles represent Earth-like planets from the first category: classical 
simulations with Jupiter and Saturn near their contemporary orbits’*. Circles 
represent Earth-like planets from the second category: Grand Tack simulations 
with a truncated protoplanetary disk””’. The black line resembling a staircase is 
the moving geometric mean of the late-accreted masses in the Grand Tack 
simulations evaluated at logarithmic time intervals with a spacing parameter of 
0.025 and a width parameter twice that. The blue region encloses the 1a 
variance of the late-accreted mass, computed assuming that the latter is 
distributed log-normally about the geometric mean. Always predicting larger 
late-accreted masses for each last giant impact time, the dotted staircase is the 
geometric mean obtained by also considering the classical simulations, 
although those simulations do not fit Solar System constraints as well as the 
Grand Tack simulations do. The horizontal dashed line and enclosing darkened 
region are the best estimate and 1o uncertainty of the late-accreted mass 
inferred from the HSE abundances in the mantle (chondritic mass): 

4.8 + 1.6 X 10 *Mq. The best estimate for the intersection of the correlation 
and the chondritic mass is 95 + 32 Myr after condensation. The dark and light 
red regions highlight Moon-formation times that are ruled out with 99.9% 
(40 Myr) and 85% (63 Myr) confidence or greater, respectively. 
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The correlation displayed in Fig. 1 can be used as a clock that is 
independent of radiometric dating systems. The late-accreted mass is 
input into this clock and the time of the last giant impact is read out. A 
traditional estimate for the late-accreted mass can be obtained from the 
highly siderophile element (HSE) abundances in Earth’s mantle rela- 
tive to the HSE abundances in chondritic meteorites'’’*. HSEs par- 
tition strongly into iron, and so are transported from the mantle to the 
core during core formation. In this process, the element ratios are 
strongly fractionated relative to chondritic proportions’’. The HSEs 
in Earth’s mantle are significantly depleted relative to chondritic 
bodies—a clear consequence of core formation—and yet the remaining 
HSEs are in chondritic or near-chondritic proportions relative to each 
other’**. This is commonly interpreted't!*”?”° as evidence that all or a 
large portion of the HSEs currently in the mantle were delivered by 
chondritic bodies after the closure of Earth’s core, an accretion phase 
known as the Late Veneer”. To account for the observed mantle budget 
of HSEs, we estimate that a chondritic mass of 4.8 + 1.6 X 10 *M@ is 
necessary, where Mq@ represents an Earth mass. This mass does include 
contributions from the era known as the Late Heavy Bombardment. 
Current mass estimates for this very late (approximately 500 Myr after 
condensation) accretion are?’ 10° *Mq, which we added to the late- 
accreted masses of our synthetic Earth-like planets, but it only accounts 
for about 2% of the chondritic mass and therefore does not play an 
important part in our analysis of the correlation. 

The chondritic mass can only be identical to the late-accreted mass 
or to the Late Veneer mass if the Moon-forming event stripped all of 
the HSEs from Earth’s mantle or was the last episode of growth for 
Earth’s core, respectively (as is traditionally assumed). However, these 
conditions are not necessarily true. Consider that some projectiles 
colliding with Earth after the Moon-forming event might have been 
differentiated, so that their HSEs were contained in their cores. If part 
of these cores had merged with Earth’s core”’, then the late-accreted 
mass would clearly be larger than the chondritic mass, because there 
would be no HSE record of this fraction of the projectile cores in 
Earth’s mantle. Additionally, in this case, given that iron (and therefore 
HSEs) would have been simultaneously added to Earth’s mantle and its 
core, the chondritic mass would be larger than the Late Veneer mass, 
which is geochemically defined as the mass accreted to Earth after the 
core has stopped growing. 

In fact, as explained in detail in the Methods and in Extended Data 
Figs 3 and 4, it is unlikely that more than 50% ofa projectile’s core directly 
reaches Earth’s core, otherwise geochemical models cannot reproduce 
the tungsten isotope composition of Earth’s mantle”. Moreover, a large 
late-accreted mass, delivered in only a few objects so as to explain the 
relative HSE abundances of Earth and Moon”, would have left a detect- 
able isotopic signature on Earth relative to the Moon”. Thus, even 
when considering these more complex possibilities, geochemical evid- 
ence constrains the late-accreted mass probably not to exceed 0.01Ma 
(see Methods). 

For these reasons, we first make the usual assumption that the late- 
accreted mass and the HSE-derived chondritic mass are identical. In 
this case, not a single simulated Earth-like planet with a last giant 
impact earlier than 48 Myr since condensation has a late-accreted mass 
in agreement with the value estimated from HSEs (see Fig. 1). Of those 
forming in less than 48 Myr, only one planet is near the upper lo 
bounds of the chondritic mass. Only after 67 Myr since condensation 
are there Earth-like planets with late-accreted masses consistently 
within the lo uncertainty bounds for the chondritic mass. After 
126 Myr since condensation, the late-accreted masses of Earth-like 
planets are often significantly below the lower limit set by the HSE 
measurements. 

We calculate the log-normal mean and standard deviation of the 
late-accreted masses of all Earth-like planets with last giant impacts 
within a range around a chosen time (see Fig. 1). We interpret these 
distributions as a model of the likelihood of a specific late-accreted 
mass given a last giant impact time. Given this likelihood model, we 
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Figure 2 | The likelihood that a planet suffering a last giant impact within a 
specific range of times has a late-accreted mass less than or equal to the 
chondritic mass of 4.8 + 1.6 X 10° *Mz. The probability calculation uses the 
same bins as Fig. 1 but only includes the Grand Tack simulations, because they 
best reproduce the terrestrial planets”'®'*. The solid line shows this probability 
assuming perfect accretion and corresponds exactly to the late-accreted masses 
shown as circles in Fig. 1. The lower 1a limit for the Moon formation age is 
63 Myr, which corresponds to a 15% probability that an Earth-like planet with a 
last giant impact at that age is characterized by a late-accreted mass equal or 
smaller than the chondritic mass. The dashed line shows the same calculation 
but for a late-accreted mass less than or equal to 0.01M@, which is an upper 
limit established from a number of elemental and isotopic constraints (see 
Supplementary Information). The dotted line shows the same calculation as for 
the solid line—that is, using a chondritic mass—but assuming imperfect 
accretion during collisions. This decreases the late-accreted masses by a variable 
amount depending on the impact characteristics of the late-accreted projectiles 
onto each planet*®. However, this calculation underestimates the late-accreted 
mass because a large fraction of the ejected material would be subsequently 
reaccreted”’** and projectile core material is less likely to be ejected post- 
impact”’. Consequently, the dotted line overestimates the likelihood that a 
planet matches the chondritic mass constraint. A realistic estimate therefore lies 
between the solid and dotted curves (probably closer to the former). 


compute the fraction of Earth-like planets with late-accreted masses not 
exceeding the HSE-derived chondritic mass, also taking into account 
the uncertainties on the latter. Using only the Grand Tack simulations, 
which provide the best match to the terrestrial planets”’®’*, the prob- 
ability that an Earth-like planet with a last giant impact at or before 
40 Myr since condensation has an HSE budget consistent with observa- 
tions is 0.1% or less (see Fig. 2). Furthermore, if we relax the assumption 
that the late-accreted mass is equal to the chondritic mass, but consider 
that the former can be up to 0.01M@, then a Moon-forming event at or 
before 40 Myr since condensation is still ruled out at a 97.5% confidence 
level or higher. 

Before accepting the proposed HSE clock, a couple of caveats need 
to be discussed. First, our simulations always assume perfect accretion— 
that is, all mass from both colliding bodies ends up in the remaining 
planet. Accounting for imperfect accretion—in which a fraction of the 
total mass is ejected away from the planet, the true late-accreted mass is 
probably smaller than that inferred from our simulations. Using the 
characteristics of each impact (for example, impact velocity and angle) 
recorded in our simulations and an algorithm developed from a large 
suite of numerical experiments”’, we estimate the fraction of the pro- 
jectile mass retained in each impact. The effect of imperfect accretion 
somewhat increases the likelihood of early giant impacts (see Fig. 2). 
However, N-body simulations that have incorporated imperfect accre- 
tion showed that most of the mass not retained in the impacts is subse- 
quently re-accreted”””*. Thus, our calculation incorporating imperfect 
accretion should be interpreted as an upper limit to the likelihood for a 
given last-giant-impact time. Reinforcing this analysis, if the HSEs are 
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mostly delivered from the cores of differentiated projectiles as in the 
scenario of Bottke et al.'?, imperfect accretion has a minimal effect on the 
HSE budget because the material that is lost into space comes predomi- 
nantly from the projectile’s mantle”. 

Second, mutually catastrophic collisions between planetesimals may 
break them into ever smaller pieces until they are small enough to be 
removed by solar radiation before they can be accreted onto planets. If 
this were a significant process, the late-accreted mass would be smaller 
than estimated from our simulations, which do not include this pro- 
cess. However, the size distribution of craters on the lunar highlands 
suggests that—as in the current asteroid belt—most of the planetesi- 
mals’ mass was in objects larger than 100 km in diameter’®. The col- 
lisional comminution for bodies this large is negligible. Moreover, 
most of the late-accreted mass was probably delivered by Ceres-sized 
(about 1,000 km across) or even larger bodies to explain the relative 
difference in HSE abundances between Earth and the Moon”. 

Considering all of the above, we argue that the clock derived from 
the correlation between late-accreted mass and last-giant-impact age 
is robust and may be the most reliable way to estimate the age of the 
Moon-forming event. Given the current constraints on Earth’s late- 
accreted mass, it establishes that this event occurred significantly later 
than 40 Myr and probably 95 + 32 Myr after the formation of the first 
Solar System solids, in agreement with some”, but not all, previous 
estimates based on radiometric chronometers. Future analyses will 
establish firmer constraints on the late-accreted mass, for instance, by 
determining the difference in W-isotope composition between Earth 
and the Moon more precisely. From this, we can obtain better limits on 
the timing of the Moon-forming event through our clock. 

Our analysis of numerical simulations can also be used to support or 
invalidate different accretion scenarios. For instance, Albarede et al.”” 
consider the possibility of the impact with Earth of a few projectiles 
that have a total mass of 0.04M@ as late as 130 Myr since condensation, 
but Fig. 1 shows that it is extremely unlikely for so much mass to be 
delivered so late. 

A late Moon formation has at least two profound implications. First, 
it constrains the dynamical conditions of the disk from which the 
planets accreted and the physical properties of the disk material. For 
instance, a late last giant impact implies that most of the mass was in the 
embryo population rather than the planetesimal population. Second, 
reconciling a late Moon-forming event with radiometric chronometers 
that suggest the opposite result may require challenging fundamental 
assumptions, such as envisioning a Moon-forming event that did not 
reset all clocks simultaneously and left significant parts of the mantle 
non-equilibrated with the core. This may argue in favour of some of 
the new scenarios proposed for the Moon-forming collision*’**, which 
distribute impact energy heterogeneously and may leave a significant 
portion of Earth’s mantle relatively undisturbed. 


METHODS SUMMARY 


The N-body simulations come from published sources’-*° and original calcula- 
tions. All simulations begin with a protoplanetary disk of around 1,000-2,000 
Ceres-mass planetesimals and around 100 Moon-mass to Mars-mass embryos 
extending from an inner edge at 0.3-0.7 au from the Sun to an outer edge at 
4.0-4.5 Av. Classical simulations assume that Jupiter and Saturn form on or near 
their current orbits”® and begin when the gas in the disk disappears. Grand Tack 
simulations begin slightly earlier than the classical simulations, about 0.6 Myr 
before the gas disperses. During this short gas phase, Jupiter and Saturn migrate 
inward to 1.5 Au and 2 Au, respectively, and then outward through the disk accord- 
ing to the simplest Grand Tack scheme tested by Walsh et al.’ (“Saturn’s core 
growing in the 2:3 resonance with Jupiter.”). After 150 Myr since the start of the 
simulations, Earth-like planets in each system were extracted and used in the 
analysis presented above. 

The canonical estimate of the late-accreted mass from the HSE abundances of 
Earth’s mantle come from calculations using measurements of HSEs in Earth’s 
mantle’ and a careful compilation of HSE chondrite measurements™. This estim- 
ate can be exceeded if projectiles do not deliver HSEs in chondritic abundances to 
Earth’s mantle. Despite this, we show that the late-accreted mass is probably less 
than 0.01M@ for three different sets of isotopic constraints: (1) the Hf-W system 
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limits the amount of projectile core material entering Earth’s core without emul- 
sification and interaction with Earth’s mantle”’; (2) the O and Ti isotopic similar- 
ities of Earth and Moon restrict the contributions from different meteoritic 
compositions; and (3) the measured W-isotopic difference between Earth and 
Moon is controlled by the mass of differentiated planetesimals delivered during 
late accretion. Although each individual constraint is not airtight, the combination 
is such that the late-accreted mass is not likely to exceed 0.01Mq@ unless very 
contrived scenarios are considered. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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The hippocampal CA2 region is essential for 


social memory 


Frederick L. Hitti’ & Steven A. Siegelbaum!? 


The hippocampus is critical for encoding declarative memory, our 
repository of knowledge of who, what, where and when’. Mnemonic 
information is processed in the hippocampus through several par- 
allel routes involving distinct subregions. In the classic trisynaptic 
pathway, information proceeds from entorhinal cortex (EC) to dent- 
ate gyrus to CA3 and then to CA1, the main hippocampal output’. 
Genetic lesions of EC (ref. 3) and hippocampal dentate gyrus (ref. 4), 
CA3 (ref. 5) and CAI (ref. 6) regions have revealed their distinct 
functions in learning and memory. In contrast, little is known about 
the role of CA2, a relatively small area interposed between CA3 and 
CA1 that forms the nexus of a powerful disynaptic circuit linking 
EC input with CA1 output’. Here we report a novel transgenic mouse 
line that enabled us to selectively examine the synaptic connections 
and behavioural role of the CA2 region in adult mice. Genetically 
targeted inactivation of CA2 pyramidal neurons caused a pronounced 
loss of social memory—the ability of an animal to remember a 
conspecific—with no change in sociability or several other hippocampus- 
dependent behaviours, including spatial and contextual memory. 
These behavioural and anatomical results thus reveal CA2 as a crit- 
ical hub of sociocognitive memory processing. 

Although the CA2 region was first described in 1934 (ref. 8), rela- 
tively little is known about its functional properties and behavioural 
role. To examine the importance of this region, we generated a trans- 
genic mouse line (Amigo2-Cre) that expresses Cre recombinase pre- 
dominantly in CA2 pyramidal neurons (PNs) in adult mice (Extended 
Data Fig. 1). Because this line expresses Cre throughout the brain during 
early development, as well as in certain limited areas outside CA2 in the 
adult, we stereotactically injected Cre-dependent adeno-associated virus 
(AAV) into the hippocampus of adult Amigo2-Cre mice to limit viral 
expression to CA2 pyramidal cells. 

To determine the specificity of CA2 expression in the transgenic line, 
we bilaterally injected into dorsal hippocampus a Cre-dependent AAV 
to express yellow fluorescent protein (YFP) in Cre* cells (Fig. la). We 
observed selective and robust YFP expression in CA2 PNs throughout 
dorsal hippocampus?’ (Fig. 1b and Extended Data Fig. 2a). We con- 
firmed that the Cre™ cells were indeed CA2 PNs by demonstrating co- 
staining for RGS14 (ref. 12) (97.38 + 0.31% overlap; n = 4 mice, 2,546 
cells; Fig. lc-e and Extended Data Fig. 3) and other known CA2 PN 
markers (Extended Data Fig. 2). In contrast, there was no co-staining 
for a CAl PN marker (Extended Data Fig. 2). In addition, the elec- 
trophysiological properties of the YFP* neurons differed significantly 
from those of CA1 PNs (Extended Data Table 1) and largely matched 
the values previously reported for CA2 pyramidal neurons’. Only a 
minute fraction of YFP’ neurons were also GABA’ (0.16 + 0.16%; 
n= 3 mice, 1,539 cells), showing the specific targeting of CA2 excit- 
atory PNs (Fig. 1f, g and Extended Data Fig. 3). Finally, our AAV 
injections resulted in the targeting of the vast majority of CA2 PNs 
in the dorsal hippocampus, measured by the percentage of RGS14* 
cells that were also YEP * (82.33 + 2.37%, n = 4 mice, 2,992 cells). 

Next we mapped CA2 synaptic input and output by using viral tracing 
strategies that take advantage of the genetic targeting of CA2 PNs in the 


Amigo2-Cre mice, and largely confirmed results of previous studies 
using conventional’? and genetic-based’* approaches. Monosynaptic 
inputs to CA2 PNs were determined by trans-synpatic retrograde label- 
ling using an EnvA pseudotyped AG rabies virus’* (Extended Data Fig. 4). 
Unilateral viral injections revealed bilateral inputs from CA3 and CA2 
(Fig. 2a, b) and strong unilateral input from both lateral and medial EC 
layer II neurons (Fig. 2c, d). In addition, synaptic inputs were detected 
from medial septum and diagonal band (Fig. 2e), median raphe nuc- 
leus (Fig. 2f), and the supramammillary nucleus of the hypothalamus 
(Fig. 2g). 

We observed only sparse labelling of EC layer III neurons with the 
rabies virus approach. Our laboratory had previously concluded that 
EC LIT axons provide strong excitatory drive to CA2 PNs, on the basis 
of the finding that large excitatory postsynaptic potentials are evoked 
in CA2 PNs with a focal stimulating electrode placed in the stratum 
lacunosum of the CA1 region’, where axons from LIII EC neurons are 
thought to provide the predominant source of excitatory inputs. Our 
present results, combined with recent results'*"’, suggest that these syn- 
aptic responses recorded in CA2 PNs may result from activation of LII 
fibres that course through or near the stratum lacunosum in CA1. 

Output projections from CA2 were determined by expressing YFP 
in CA2 PNs (as in Fig. 1) and examining brains for YFP-fluorescent 
axons. Unilateral viral injections resulted in strong bilateral labelling in 
hippocampal CA1, CA2 and CA3 regions, with densest projections 
observed in stratum oriens and weaker projections detected in stratum 
radiatum (Fig. 2h, i). We did not observe extra-hippocampal outputs. 

These anatomical results generally support previous’*"* findings. 
However, we failed to observe vasopressinergic input to CA2 from the 
paraventricular nucleus of the hypothalamus”, which may reflect an 
inability of the trans-synaptic rabies tracing system to label peptidergic 
inputs’. In addition, we did not observe CA2 output to the supramam- 
millary nucleus as reported previously using conventional tracing 
methods’’. We surmise that this output may represent an inhibitory 
projection from CA2 because our technique selectively labelled PNs. 
Finally, we did not observe CA2 output to EC layer II (ref. 16), perhaps 
because the anterograde tracing failed to detect weak connections. 

To examine directly the functional and behavioural relevance of CA2, 
we used the Amigo2-Cre mouse line to inactivate output from CA2 PNs 
selectively. We injected into the dorsal hippocampus of the Amigo2- 
Cre mice a Cre-dependent AAV to express tetanus neurotoxin (TeNT) 
light chain fused to enhanced green fluorescent protein (eGFP-TeNT) 
in CA2 PNs to block their synaptic output. We first verified the efficacy 
of this approach and characterized the influence of CA2 on its CA1 PN 
targets by using Cre-dependent AAVs to co-express the light-activated 
cation channel channelrhodopsin-2 (ChR2)'” with either TeNT or 
YFP. Low-intensity illumination (using 2-ms pulses of 470-nm light 
at3mW mm ”) focused on CA2 reliably triggered action potentials in 
CA2 PNs, as seen by the presence of fast action currents in cell-attached 
patch clamp recordings (Fig. 3a—c). Similar rates of spiking were seen 
in neurons that co-expressed either YFP (Fig. 3b) or TeNT (Fig. 3c) 
with ChR2, indicating that the TeNT did not inhibit excitability. 


1Department of Neuroscience, Kavli Institute, College of Physicians and Surgeons, Columbia University 1051 Riverside Drive, New York, New York 10032, USA. *Department of Pharmacology, Howard 
Hughes Medical Institute, College of Physicians and Surgeons, Columbia University 1051 Riverside Drive, New York, New York 10032, USA. 
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Figure 1 | Genetic targeting of the CA2 subfield using the Amigo2-Cre 
mouse line. a, Bilateral hippocampal injection of Cre-dependent YFP AAV in 
Amigo2-Cre mice resulted in specific expression of YFP (green) in CA2 PNs 
(n = 64 mice). b, Extent of transduction. Left: adapted reference atlas images’. 
Centre: YFP expression. Right: distance (in mm) from bregma along the 
rostrocaudal axis. DG, dentate gyrus. c-g, Magnified images of the boxed area 


Next we determined the strength of synaptic transmission from 
CA2 to CA1 PNs by using whole-cell current-clamp recordings to 
measure light-evoked postsynaptic potentials (PSPs) in CA1 PNs from 
hippocampal slices in which ChR2 and YFP were expressed in CA2 
PNs (Fig. 3d). In agreement with anatomical mapping (Fig. 2h, i) and 
paired recordings’, focal photostimulation delivered to CA1 stratum 


LETTER fleyante, 


Rostral 


in b. c, YFP (green). d, RGS14 staining (red, n = 4 mice). e, Merge of c and 
d, showing YFP and RGS14 overlap. f, GABA staining (red, n = 3 mice). 

g, Merge of c and f, showing no GABA and YFP overlap. Panels show coronal 
sections with Nissl counterstain (blue). Scale bars, 1,000 [tm (a), 400 pm 

(b), 200 um (c-g). 


oriens and stratum radiatum regions evoked robust monosynaptic 
PSPs (mean latency 1.22 + 0.06 ms, n = 119 observations) in nearby 
CA1 PNs (Fig. 3e). Increasing the light intensity recruited progres- 
sively larger PSPs, presumably as a result of an increase in the number 
of optically activated CA2 axons (Fig. 3e, f). In stark contrast, in slices 
in which TeNT was co-expressed with ChR2 in CA2 PNs, illumination 
over a wide range of intensities produced little or no synaptic response 
in CAI neurons (Fig. 3e, f), showing the efficacy of the TeNT lesion. 

What are the behavioural consequences of inactivation of CA2? To 
address this question we compared the behaviour of control mice (CA2- 
YFP) with mice in which CA2 PNs were inactivated (CA2-TeNT), 
using viral injections in dorsal hippocampus'’. Functional inactivation 
of dorsal CA2 did not alter locomotor activity or anxiety-like behaviour 
(Extended Data Fig. 5). Inactivation of CA2 also did not significantly 
alter hippocampus-dependent spatial memory assessed by the Morris 
water maze (although there was a trend for the CA2-inactivated mice 
to learn the task more slowly; Extended Data Fig. 6). Nor was there any 


Figure 2 | Genetically targeted tracing of the CA2 circuit. a~g, Monosynaptic 
inputs to CA2 revealed with pseudotyped rabies virus (n = 8 mice). Cells 
labelled with rabies appear magenta; Nissl stain shown in green. a-d, Sagittal 
sections; e-g, coronal sections. a, b, Labelled neurons in CA2 and CA3 
ipsilateral (a) and contralateral (b) to the hemisphere of rabies virus injection. 
Rabies labelling shows monosynaptic inputs from lateral EC (c), medial EC (d), 
medial septum (MS) and nucleus of the diagonal band (NDB) (e), median 
raphe (MR) (f) and lateral supramammillary nucleus (SUMI) (g). Fluorescent 
processes in (c, d) may represent dendritic or axonal labelling. SUMm, medial 
supramammillary nucleus. h, Output of CA2 revealed by axonal YFP signal 
(green, n = 6 mice). Nissl stain (magenta). so, stratum oriens; sr, stratum 
radiatum; slm, stratum lacunosum-moleculare. i, Magnification of boxed area 
in h. Note that CA2 makes strong projections to stratum oriens and weaker 
projections to stratum radiatum of CA1. Scale bars, 200 um. 
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Figure 3 | Electrophysiological verification of CA2 inactivation with 
TeNT. a, Experimental setup for photostimulation of CA2 PNs. sp, stratum 
pyramidale. b, c, Action currents recorded from CA2 PNs expressing YFP and 
ChR2 (n = 6 neurons) (b) or TeNT and ChR2 (n = 4 neurons) (c) in response 
to five 2-ms blue (470-nm) light pulses (blue bars). d, Experimental setup for 
whole-cell current-clamp recordings of photostimulated PSPs in CA1 PNs. 


change in hippocampus-dependent contextual fear memory or amygdala- 
dependent auditory fear memory (Extended Data Fig. 7). 

The finding that CA2 PNs integrate synaptic input from lateral EC 
(which conveys non-spatial information”) with subcortical input from 
both the serotonergic median raphe nucleus’ and the hypothalamic 
supramammillary nucleus” suggests a potential role for CA2 in non- 
spatial hippocampal tasks. Previous studies have shown that the mes- 
senger RNA for the vasopressin 1b receptor (Avpr1b) is strongly expressed 
in CA2 (ref. 21) and that unconditional deletion of this gene impairs 
social recognition memory”. However, Avpr1b mRNA is also expressed 
outside hippocampus”', and its deletion results in changes in non- 
hippocampus-dependent behaviours, including reduced aggression and 
decreased sociability”*”’, raising questions as to the selective role of CA2 
in the knockout phenotype”. 

To assess directly the role of CA2 in social behaviour, we first com- 
pared the performance of CA2-YFP with that of CA2-TeNT mice in a 
three-chamber test of sociability” , which examines the normal preference 
of a subject mouse for a chamber containing a littermate versus an empty 
chamber (Fig. 4a). In contrast to the effect of Avpr1b deletion, selective 
silencing of CA2 did not alter sociability as the CA2-TeNT and CA2- 
YFP groups displayed a significant and similar preference for the com- 
partment containing the littermate (Fig. 4a). 

In contrast to their normal sociability, CA2-TeNT mice displayed a 
profound deficit in social recognition as determined by a three-chamber 
social novelty test” (Fig. 4b). In this test, social recognition was mea- 
sured by the increased time that a subject mouse spent interacting with 
a novel unrelated mouse compared with the time it spent interacting 
with a familiar co-housed littermate. Multiple comparison testing revealed 
that the CA2-YFP control group demonstrated a significant preference 
for the compartment containing the novel animal, whereas the CA2- 
TeNT group did not (Fig. 4b). Moreover, the difference score (time spent 
exploring the novel mouse minus the time spent exploring the familiar 
mouse) of the CA2-TeNT group was significantly less than that of the 
CA2-YFP group (Fig. 4b). This deficit was not due to a lack of interest 
in novelty as such, because the CA2-TeNT mice showed a normal pre- 
ference for a novel object as assayed by two different novel-object- 
recognition protocols (Extended Data Fig. 8). 

Because the social novelty test does not incorporate a defined learn- 
ing phase or delay period, we next conducted a more specific test of 
social memory, the direct interaction test’*. For this test a subject mouse 
was exposed to an unfamiliar mouse in trial 1. After a 1-h inter-trial 
interval, the subject mouse was either re-exposed to the same mouse as 
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that encountered in trial 1 (Fig. 4c) or exposed to a second, unfamiliar, 
mouse (Fig. 4d). Social memory, measured as the decreased time that a 
subject mouse spends exploring a previously encountered mouse, was 
fully suppressed by CA2 inactivation (Fig. 4c). In contrast, CA2 silen- 
cing did not alter sociability, because CA2-YFP and CA2-TeNT subject 
mice showed similar and unchanging exploration times during trials 1 
and 2 when two different unfamiliar mice were encountered in the two 
trials (Fig. 4d). 

We next conducted a more stringent five-trial social memory assay”® 
to confirm that CA2-inactivation abolishes social memory. In this assay, 
a stimulus mouse was presented to a subject mouse for four successive 
trials. On the fifth trial, a novel stimulus mouse was introduced (Fig. 4e). 
The CA2-YFP control group displayed normal social memory, as demon- 
strated by a marked habituation (decreased exploration) during the 
first four trials and a striking dishabituation (increased exploration) on 
presentation of a novel animal on the fifth trial. In contrast, the CA2- 
TeNT group showed no significant habituation during the four expo- 
sures to the stimulus mouse or dishabituation to the novel stimulus 
mouse, thus confirming the necessity of CA2 for social memory. 

Because olfaction is crucial for normal social interaction”’, we exam- 
ined whether CA2 silencing influenced the detection or recognition of 
non-social or social odours. CA2-TeNT mice showed no loss in the 
ability to detect the presence of food buried under a deep layer of cage 
bedding, a test of non-social odour detection (Extended Data Fig. 9a). 
Next we used an olfactory habituation/dishabituation test (Extended 
Data Fig. 9b) and found that CA2 inactivation also had no effect on the 
ability of mice to detect or discriminate either non-social or social 
odours. We therefore conclude that the deficit in social memory in 
the CA2-TeNT mice was not due to a defect in sensing social or non- 
social odours. 

In this study we developed and validated an Amigo2-Cre mouse line 
that enables the precise genetic targeting of excitatory CA2 PNs, allow- 
ing us to map selectively the inputs and outputs of this largely unex- 
plored region and demonstrate that the CA2 subfield is essential for 
social memory. Although we observed a fairly specific deficit in social 
memory after inactivation of dorsal CA2 pyramidal neurons, our results 
do not rule out the possibility that CA2 may participate more generally 
in hippocampus-dependent memory tasks. Thus, other regions of hip- 
pocampus may be able to compensate for the loss of any role that CA2 
may normally have in performance of the water maze or contextual 
fear-conditioning tasks. Alternatively, CA2 may be selectively required 
for the performance of more demanding non-social memory tasks. 


©2014 Macmillan Publishers Limited. All rights reserved 
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Figure 4 | Inactivation of CA2 impairs social memory. a, Left: sociability test. 
Middle: YFP (n = 11) and TeNT (n = 13) mice preferred the littermate 
chamber (YFP, P = 0.0083; TeNT, P = 0.0055; multiplicity-adjusted P values), 
with no significant difference in interaction times (two-way analysis of variance 
(ANOVA): treatment X chamber F(1,44) = 0.013, P = 0.91; treatment 
F(1,44) = 1.566, P = 0.22; chamber F(1,44) = 17.49, P = 0.0001). Right: 
interaction time difference scores (littermate minus empty) were similar 

(P = 0.9154, two-tailed Student’s t-test). b, Left: social novelty test. Middle: 
only YFP mice preferred the novel animal over a littermate (YFP, P = 0.0012; 
TeNT, P = 0.3593; multiplicity-adjusted P values); the groups differed 
significantly (ANOVA: treatment X chamber F(1,44) = 11.25, P = 0.0016). 
Right: difference score (novel minus littermate) of TeNT group was 
significantly less than that of YFP group (P = 0.0109, two-tailed Student’s 
t-test). c, d, Left: direct interaction test using identical (c) or different 

(d) stimulus animals in the two trials. c, Middle: only YFP mice displayed 
decreased investigation during trial 2 of mouse encountered in trial 1 (YFP, 
n= 15, P<0.0001; TeNT, n = 16, P = 0.1499; multiplicity-adjusted P values); 
the groups differed significantly (ANOVA: treatment trial F(1,29) = 24.23, 
P<0.0001). Right: TeNT group difference score (trial 1 minus trial 2) was 
less than that of YFP group (P < 0.0001; two-tailed Student’s t-test). d, Middle: 
the two groups explored two different stimulus animals similarly (ANOVA: 
treatment X trial F(1,29) = 0.0068, P = 0.93; treatment F(1,29) = 2.405, 

P= 0.13; trial F(1,29) = 3.278, P = 0.0806), with similar difference scores 
(right, P = 0.93, two-tailed Student’s t-test). e, Five-trial social memory assay. 
YFP (n = 15), but not TeNT (n = 14), mice habituated to same mouse 

(trials 1-4) and dishabituated to a novel mouse (trial 5). The groups differed 
significantly (ANOVA: treatment X trial F(4,108) = 7.26, P< 0.0001; 
treatment F(1,27) = 7.86, P = 0.009; trial F(4,108) = 15.41, P< 0.0001). 

ITI, inter-trial interval. Results are means + s.e.m. 
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The importance of human hippocampus for social memory is 
famously illustrated by the case of Henry Molaison (patient H.M.), 
who, after bilateral medial temporal lobe ablation, could not form new 
memories of people he had worked with for years”. Lesions limited to 
the hippocampus also impair social memory in both humans’ and 
rodents”. Because several neuropsychiatric disorders are associated 
with altered social endophenotypes, our findings raise the possibility 
that CA2 dysfunction may contribute to these behavioural changes. 
This possibility is supported by findings of a decreased number of 
CA2 inhibitory neurons in individuals with schizophrenia and bipolar 
disorder”, and altered vasopressin signalling in autism’. Thus, CA2 
may provide a new target for therapeutic approaches to the treatment 
of social disorders. 


METHODS SUMMARY 


Generation of Amigo2-Cre mouse line. A bacterial artificial chromosome (BAC) 
was modified to insert a Cre- HSV-polyA cassette at the translational start of Amigo2. 
Six B6CBA/F2 founders were generated. One line that selectively expressed Cre in 
CA2 of adult mice was backcrossed to C57BL/6J a minimum of six times and used 
in these experiments. 

Subjects. Cre* males were bred to C57BL/6] females to keep the Amigo2-Cre line 
hemizygous on the C57BL/6J background. Only Cre* males were used for experi- 
ments, which were conducted 2-4 weeks after viral injection and approved by the 
Columbia University Institutional Animal Care and Use Committee. 

Viruses. AAV5-EF1a-FLEx-eYFP-WPRE-hGH, AAV5-EF1o-FLEx-TVA-mCherry- 
WPRE-hGH and AAV5-CAG-FLEx-rabiesG-WPRE-hGH were obtained from 
the University of North Carolina vector core. (EnvA)SAD-AG-mCherry was pro- 
duced at Columbia. AAV5-EF1o-FLEx-hChR2(H134R)-EYFP-WPRE and AAV5- 
EF 1o.- FLEx-eGFP-TeNT-WPRE-hGH were obtained from the UPenn vector core. 
Stereotaxic injection. Male mice (more than 8 weeks old) were anaesthetized with 
isoflurane, and virus was injected into the dorsal hippocampus at — 1.6 mm ante- 
roposterior, + 1.6 mm mediolateral, and — 1.7 mm dorsoventral relative to bregma. 
Electrophysiology. Two to three weeks after AAV injection, hippocampal slices 
400 pum thick were prepared. Blue light was delivered through a 20 objective to 
activate ChR2. Patch membrane voltage was held at —70 mV for cell-attached 
voltage-clamp recordings. Whole-cell recordings were obtained from CA1 PNs in 
current-clamp mode with membrane at initial resting potential. 

Behavioural tests. Two to five male Amigo2-Cre mice were housed per cage with 
ad libitum access to food and water. Tests were conducted during the light cycle. 
Half of the mice in each cage were injected with the YFP virus, and the other half 
were injected with the TeNT virus. The experimenter was blind to the group 
identities. Open field activity was recorded with Activity Monitor. The direct 
interaction, five-trial social memory and olfactory tests were scored online by 
the experimenter. All other tests were scored automatically by ANY-maze. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Mouse liver repopulation with hepatocytes 
generated from human fibroblasts 
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& Sheng Ding"’ 


Human induced pluripotent stem cells (iPSCs) have the capability 
of revolutionizing research and therapy of liver diseases by provid- 
ing a source of hepatocytes for autologous cell therapy and disease 
modelling. However, despite progress in advancing the differenti- 
ation of iPSCs into hepatocytes (iPSC-Heps) in vitro’, cells that 
replicate the ability of human primary adult hepatocytes (aHeps) to 
proliferate extensively in vivo have not been reported. This defi- 
ciency has hampered efforts to recreate human liver diseases in 
mice, and has cast doubt on the potential of iPSC-Heps for liver 
cell therapy. The reason is that extensive post-transplant expansion 
is needed to establish and sustain a therapeutically effective liver 
cell mass in patients, a lesson learned from clinical trials of aHep 
transplantation‘. Here, as a solution to this problem, we report the 
generation of human fibroblast-derived hepatocytes that can repopu- 
late mouse livers. Unlike current protocols for deriving hepatocytes 
from human fibroblasts, ours did not generate iPSCs but cut short 
reprogramming to pluripotency to generate an induced multipo- 
tent progenitor cell (iMPC) state from which endoderm progenitor 
cells and subsequently hepatocytes (iMPC-Heps) could be efficiently 
differentiated. For this purpose we identified small molecules that 
aided endoderm and hepatocyte differentiation without comprom- 
ising proliferation. After transplantation into an immune-deficient 
mouse model of human liver failure, iMPC-Heps proliferated exten- 
sively and acquired levels of hepatocyte function similar to those of 
aHeps. Unfractionated iMPC-Heps did not form tumours, most 
probably because they never entered a pluripotent state. Our results 
establish the feasibility of significant liver repopulation of mice 
with human hepatocytes generated in vitro, which removes a long- 
standing roadblock on the path to autologous liver cell therapy. 

Current protocols for directed hepatocyte differentiation of iPSCs 
(or human embryonic stem cells; ESCs) produce cells that express many 
functions of human primary adult hepatocytes (aHeps)*~*. Some func- 
tions of iPSC/ESC-Heps, such as cytochrome P450 (CYP450) enzyme 
expression, are underdeveloped, whereas others, such as albumin 
(ALB) synthesis, are near normal. Human serum ALB (HSA) levels 
have therefore been used to follow the fate and measure the expansion 
of iPSC/ESC-Heps transplanted into mice. Since the advent of proto- 
cols for hepatocyte differentiation of iPSCs/ESCs, numerous results 
from transplantation of these cells into mice have been reported. All 
of these studies, even those in which transplanted iPSC/ESC-Heps 
had a growth advantage, failed to reach HSA levels above 2 1g ml * 
(refs 5-7), which is more than 1,000-fold lower than what has been 
achieved with aHeps® and in our experience reflects less than 0.05% 
liver repopulation (data not shown). These disappointing results have 
been largely attributed to failure of iPSC/ESC-Heps to proliferate after 
transplantation. 

Reprogramming of somatic cells to a stable pluripotent state fol- 
lowed by differentiation into another cell type is a complicated process. 


Alternatively, the developmentally plastic state established soon after 
overexpression of the reprogramming factors can be harnessed for 
lineage conversion. Using this approach we and others previously induced 
human fibroblasts to assume a multipotent progenitor cell (i MPC) state 
that allowed efficient differentiation into myeloid’ or smooth muscle 
and endothelial cells'*"’. Because these iMPC derivatives could prolif- 
erate extensively, we reasoned that this method could be used to gen- 
erate hepatocytes that were not compromised by growth arrest. 

To investigate this possibility we transduced 10* human fibroblasts 
with retroviruses expressing OCT4, SOX2 and KLF4 (ref. 12) and replated 
them for reprogramming into endoderm in medium containing estab- 
lished growth factors and the small molecule CHIR99021 (CHIR)'* 
(Fig. 1). Only 14 days later, we detected expression of the endoderm- 
specific genes SOX17 and FOXA2 by quantitative PCR with reverse 
transcription (qRT-PCR) (Extended Data Fig. 1a). While only about 
20 SOX17-positive and FOXA2-positive colonies formed under these 
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Figure 1 | Protocol for stepwise iMPC-Hep generation. Reprogramming of 
human fibroblasts to endoderm was initiated in medium containing CHIR 
(glycogen synthase kinase 3B inhibitor), dilauroyl phosphatidylcholine (DLPC; 
liver receptor homologue-1 agonist), the epigenetic modifiers sodium 
butyrate (NaB; histone deacetylase inhibitor), Parnate (Par; lysine-specific 
demethylase 1 inhibitor) and RG108 (RG; DNA methyltransferase inhibitor), 
and epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF). 
To promote reprogramming, EGF and bFGF were replaced with activin A. 
Individual iMPC-EPC colonies were expanded in medium containing CHIR, 
EGF, bFGF and A83 (transforming growth factor-B typeI receptor inhibitor). 
For hepatocyte specification, medium containing bFGF, A83, bone 
morphogenetic protein 4 (BMP4), dexamethasone (Dex), hepatocyte growth 
factor (HGF), oncostatin M (OSM) and the Notch inhibitor Compound E 
(C-E) was used. 
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conditions, exposing the cells to additional small molecules known to 
promote reprogramming’*"*i 


increased the number of colonies to more 
than 80 (Extended Data Fig. 1b-d and Supplementary Table 1). 

Next we investigated whether de novo endoderm differentiation 
was preceded by a pluripotent state. We found no expression of the 
pluripotency-specific genes OCT4 and NANOG even at the earliest 
stages of the reprogramming process (Extended Data Fig. le). Because 
avoiding a pluripotent state decreases the cells’ tumour risk, we con- 
firmed this result by TRA-1-60 (ref. 15) flow cytometry at the end of the 
reprogramming process (Extended Data Fig. lf, g). In addition we 
monitored cultures undergoing reprogramming for FOXA2-positive 
cells, referred to as iMPC-derived endoderm progenitor cells (iMPC- 
EPCs), and NANOG-positive cells by immunostaining and flow cyto- 
metry (Extended Data Fig. 2a). We found FOXA2-positive cells as early 
as 16 days after initiating reprogramming, whereas NANOG-positive 
cells were always absent (Extended Data Fig. 2b-d). We also used 
doxycycline-inducible lentiviruses expressing OCT4, SOX2 and KLF4 
to compare the dynamics of reprogramming to endoderm versus plur- 
ipotency (Extended Data Fig. 3a). We detected iMPC-EPC colonies in 
transduced cultures grown under iMPC-EPC reprogramming condi- 
tions for 21 days after only 7 days of treatment with doxycycline. In 
contrast, generation of iPSCs required treating the cultures with dox- 
ycycline for 14days and growing them under iPSC reprogramming 
conditions for 30 days (Extended Data Fig. 3b). Our findings that 
human fibroblasts reprogram into iMPC-EPCs faster than into iPSCs 
and without expressing pluripotency markers show that our protocol 
does not produce a pluripotent intermediate stage, which confirms 
previous results from shortcutting reprogramming to pluripotency 
for lineage conversion’. 

Wealso determined whether iMPC-EPCs could be expanded in vitro, 
a prerequisite for producing the large quantities needed for human liver 
cell therapy. We found that combining CHIR with A83-01 (A83)’° 
increased iMPC-EPC colony size (Fig. 1 and Extended Data Fig. 4a). 
The addition of epidermal growth factor and basic fibroblast growth 
factor caused further expansion and facilitated passaging for more than 


FOXA2 


iMPC-EPCs 


25 times, producing more than 10'° iMPC-EPCs from a single colony 
(Fig. 2a, b, Extended Data Fig. 4b and Supplementary Table 1). These 
cells showed high viability after cryopreservation (data not shown). 

Expanding iMPC-EPCs maintained endoderm differentiation, as 
demonstrated by positive immunostaining for FOXA2 and SOX17 
and negative immunostaining for NANOG (Fig. 2a and Extended 
Data Fig. 4c). Expanding iMPC-EPCs acquired hepatocyte nuclear 
factor 4a (HNF4a) expression (Fig. 2a and Extended Data Fig. 4d), 
suggesting further specification. To define their stage of differentiation, 
we compared iMPC-EPCs with ESC-derived definitive endoderm cells 
(DECs) and primitive gut-tube endoderm cells (GECs)”’ (Fig. 2c). We 
found that iMPC-EPCs resembled ESC-GECs, except for a lack of 
OCT4 and NANOG gene expression. iMPC-EPCs also lacked express- 
ion of the ectoderm-specific and mesoderm-specific genes PAX6 and 
BRY, suggesting commitment to endoderm differentiation. Further 
analyses showed that iMPC-EPCs had a propensity for differentiating 
into liver and pancreas but not into lung or intestine (Extended Data 
Fig. 4e, fand data not shown). These results establish the feasibility of 
using human fibroblasts to generate endoderm cells that share many 
characteristics with previously reported ESC/iPSC-derived endoder- 
mal progenitor cell lines’*, but seem more lineage restricted and never 
entered a pluripotent state. 

To further differentiate iMPC-EPCs into iMPC-Heps, we cultured 
them in medium containing factors that have been reported to drive the 
hepatic differentiation of iPSC-DECs'” (Fig. 1). These factors were effec- 
tive in inducing expression of the fetal hepatocyte marker o:-fetoprotein, 
but few cells expressed the more mature markers ALB and «-antitrypsin 
(AAT) (Extended Data Fig. 5a). To improve hepatocyte differentiation, 
we screened small molecules for inducers of ALB gene expression, of which 
A83 and the Notch inhibitor Compound E”* were effective (Extended 
Data Fig. 5b). Because transforming growth factor-B and Notch sig- 
nalling direct bipotential embryonic liver progenitor cells towards a 
biliary fate’””®, our results suggest that inhibiting biliary differentiation 
promotes hepatocyte differentiation. 
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Figure 2 | Characterization of iMPC-EPCs. a, Bright-field (BF) microscopy 
shows the morphology of iMPC-EPCs at passage 25; immunostainings show 
expression of FOXA2, SOX17 and HNF4«. Scale bars, 100 um. b, Expansion 
capacity of iMPC-EPCs (red) and parental fibroblasts (blue). Cell numbers 
were counted at the indicated time points. Results are means ~ s.e.m. for 
biological replicates (n = 3). c, RT-PCR of genes specific for endoderm, 


94 | NATURE | VOL 508 | 3 APRIL 2014 


pluripotency, ectoderm or mesoderm in iMPC-EPCs (P7, passage 7; P25, 
passage 25) in comparison with parental fibroblasts, ESCs and ESC-derived 
DECs or GECs. Gene expression levels are shown relative to the fibroblasts. 
Results are means and s.e.m. for technical replicates (n = 3). All results were 
replicated in at least three independent experiments. 
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Like aHeps, iMPC-Heps were polygonal, were occasionally binucle- 
ate, and expressed the hepatocyte markers HNF4a, ALB, AAT and 
cytokeratin 18 (Fig. 3a). iMPC-Heps also showed hepatocyte functions 
such as glycogen storage, lipid uptake and storage, and urea production 
(Extended Data Fig. 6a, b). Gene expression analysis showed that 
iMPC-Heps generally resembled human primary fetal hepatocytes 
(fHeps) (Fig. 3b), although some cells were less differentiated (Fig. 3c 
and Supplementary Table 1). Analysis of ALB secretion and CYP450 
activities confirmed that iMPC-Heps were less mature than aHeps, but 
also showed that iMPC-Heps were more differentiated than iPSC- 
Heps generated as reported previously’ (Fig. 3d, e and Extended 
Data Fig. 6c). The medium used for iMPC-EPC/Hep generation did 


a BF HNF40/ALB/Hoechst 4 


—_ 


oN FD Oo OO 


ALB 


=a) 


*k 


ug per 108 cells 
per 24h 


AAT/ALB/Hoechst CK18/ALB/Hoechst 


e 
CYP3A es 
b 
610 
2 0 
® 
z # 8,0009 CyP3A4 + 
: 8 
é 5 e, 5,000 | 
oD 5 2,000 
ii oe 
= 500 ——. 
& 
5 = 300 
WANK AR WN LO MP ode oh 1H Poem 
BOP OPA Gorereswireegngwzar GB 100 
S&  — Hebeikablobtercoe™ 5 
1,600 7 cypoei9 see 
1,400 
1,200 
1,000 
150 


010° 10° 104 10° 010° 10° 10% 10° 


~) ) a i) 
oS SF S 
OF RM _ VM YE 


CK18 SY L 
& re a 


HNF4o. 
Figure 3 | Characterization of iMPC-Heps. a, BF microscopy shows 
morphology of iMPC-Heps; immunostainings show expression of HNF4a, 
ALB, AAT and cytokeratin 18 (CK18). Scale bars, 100 um. b, qRT-PCR of 
hepatocyte marker gene expression in iMPC-Heps relative to fHeps. The 
immature hepatocyte-specific genes CYP1A1/3A7 and the mature hepatocyte- 
specific genes CYP2B6/2C9/2C19/3A4, but not CYP1A2/2D6, are expressed 
at similar levels in iMPC-Heps and fHeps. AFP, o.-fetoprotein. Results are 
means and s.e.m. for technical replicates (n = 3). c, Flow cytometry shows 
that most iMPC-Heps express ALB, HNF4a and CK18. d, ELISA shows 
significant ALB secretion by iMPC-Heps in comparison with parental 
fibroblasts, iPSC-Heps and aHeps. Results are means and s.e.m. for 
biological replicates (n = 3); Student’s t-test, two asterisks, P< 0.01. 

e, Quantification of the activities of the CYP3A family (assay selectivity 
CYP3A5 = CYP3A7 > CYP3A4), CYP3A4 and CYP2C19 shows higher levels 
in iMPC-Heps than in iPSC-Heps. Parental fibroblasts and aHeps were used as 
a negative and positive control, respectively. LCU, luminescent counting 
units. Results are means and s.e.m. for biological replicates (n = 3); 

Student’s t-test, two asterisks, P< 0.01; three asterisks, P< 0.001; four 
asterisks, P< 0.0001. All results were replicated in at least three independent 
experiments. 
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not produce iPSC-Heps with improved function, which underscores 
the importance of reprogramming-induced developmental plasticity in 
this process (Extended Data Fig. 6d). 

To test whether iMPC-Heps can expand after transplantation, we 
transplanted 10° cells into FRG mice, an immune-deficient mouse model 
of human tyrosinaemia typeI (ref. 8). The liver injury caused by this 
disease creates a growth advantage for differentiated hepatocytes but 
not for immature liver progenitor cells. Liver repopulation of FRG 
mice therefore requires both mature hepatocyte function and the abi- 
lity to proliferate. To detect expansion of the transplanted iMPC-Heps, 
we measured HSA levels monthly for more than nine months. The 
earliest we could detect HSA was two months after transplantation 
(Fig. 4a), when levels were at most 140ngml ', but they increased 
continuously, reaching levels of up to 104 yg ml * six months later. By 
this time, HSA levels were tenfold higher in control FRG mice trans- 
planted with 10° aHeps. The delayed onset but parallel upward trend of 
HSA levels in iMPC-Hep-transplanted mice, in comparison with con- 
trol mice, suggested that iMPC-Heps were inferior to aHeps in engraft- 
ment efficiency and the need for post-transplant maturation, but not in 
the ability to proliferate. Indeed, we found that although iMPC-Heps 
generated significantly fewer repopulating nodules than aHeps (data 
not shown), these nodules grew markedly between three and nine months 
after transplantation (Extended Data Fig. 7a). Moreover, iMPC-Heps 
still proliferated nine months after transplantation (Fig. 4b). So far we 
have observed a maximum nodule size of 4,000 iMPC-Heps and a liver 
repopulation level of 2% (Extended Data Fig. 7b, c). 

To determine whether iMPC-Heps matured after transplantation, 
we compared the global gene expression profiles of transplanted iMPC- 
Heps and aHeps. For this purpose we isolated nodules of iMPC-Heps 
and aHeps by laser-capture microscopy (Extended Data Fig. 7d, e) and 
analysed their RNA with microarrays. We found that iMPC-Heps and 
aHeps clustered closely together—very few genes were differentially 
expressed, none of which were of known importance for hepatocyte 
function (Fig. 4c, Extended Data Fig. 8a—e and Supplementary Table 2). 
We also compared cultured iMPC-Heps and freshly isolated aHeps, 
and found marked differences in gene expression between these two 
cell types, which illustrates the extensive maturation that iMPC-Heps 
underwent after transplantation. In fact, before transplantation, the 
gene expression profile of iMPC-Heps resembled that of iPSC-Heps. 
We confirmed the microarray results by RT-PCR and immunostain- 
ing (Fig. 4d and Extended Data Fig. 9a-c). In addition we determined 
whether maturation of gene expression translated into normal func- 
tion by measuring debrisoquine hydroxylation—a unique function of 
human hepatocytes executed by CYP2D6 (ref. 21)—in mice repopu- 
lated to similar levels with iMPC-Heps or aHeps. We found no differ- 
ence in plasma 4-hydroxy-debrisoquine levels between these mice, 
which shows that CYP2D6 underwent maturation in iMPC-Heps from 
negligible expression levels in vitro to normal activity in vivo (Figs 3b 
and 4e). In accord with a need for post-transplant maturation of iMPC- 
Heps, which is reminiscent of iPSC/ESC-derived pancreatic B-cells”, 
we found that iMPC-Hep transplantation improved the survival of 
mice with chronic liver failure, but not that of those with acute liver 
failure (Extended Data Fig. 10a, b). 

Finally, we ruled out fusion with mouse hepatocytes as the reason for 
post-transplant maturation and proliferation of iMPC-Heps (Fig. 4f), 
and investigated the origin of dysplastic nodules observed in some 
iMPC-Hep and aHep recipients (Extended Data Fig. 10c). Absence 
of differentiation-independent, human-specific B-microglobulin expres- 
sion showed that these nodules originated from mouse cells, thus repre- 
senting a known complication of tyrosinaemia type I (Extended Data 
Fig. 10d)”, 

Our results show that iMPC-Heps are not affected by limitations of 
iPSC/ESC-Heps generated with current protocols, particularly deficien- 
cies in in vivo efficacy and safety. Although many aspects of iMPC-Hep 
generation and transplantation remain to be explored and improved, 
the fact that these cells can fully mature and proliferate for months after 
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Figure 4 | Post-transplant proliferation and maturation of iMPC-Heps. 

a, HSA levels in recipients of iMPC-Heps or aHeps. Stars indicate time points of 
analysis. Arrow marks fatality. b, Co-immunostaining for human-specific 
ALB and Ki67 identifies proliferating iMPC-Heps (arrowheads) in the 
periphery of a repopulating nodule. Scale bar, 100 im. c, Heatmap of 1,299 
genes differentially expressed between iMPC-Heps, freshly isolated aHeps 
and iPSC-Heps before (in vitro) and after (in vivo) transplantation. Multiple 
nodules were pooled to generate a sample. Genes with expression levels below 
background (log; normalized expression < 3) and genes not varying over all 
samples (s.d. expression < 1) were filtered out. Hierarchical clustering was 
performed with the hclust function in Rv.2.15.1. d, RT-PCR of the samples 
used for microarray analysis shows mean hepatocyte marker gene expression in 


transplantation establishes them as promising candidates for in vivo 
modelling and autologous therapy of human liver diseases. 


METHODS SUMMARY 

Generation of iMPC-Heps from human fibroblasts. After retroviral transduc- 
tion, human fibroblasts were grown in reprogramming initiation medium for 7 days, 
followed by culture in endoderm differentiation medium for 14-21 days. iMPC- 
EPC colonies were selected at day 21-28 and grown on mouse embryonic fibro- 
blasts in endoderm expansion medium for 1-4 months. For differentiation into 
iMPC-Heps, iMPC-EPCs were first expanded for 4-5 days, followed by culture in 
hepatocyte differentiation medium for 4 days and then in hepatocyte maturation 
medium for 7-10 days. Media were supplemented with the growth factors and 
small molecules indicated in Fig. 1. 

iMPC-Hep transplantation and analysis. iMPC-Heps were injected intraspleni- 
cally into FRG mice preconditioned by withdrawal of the drug 2-(2-nitro-4- 
fluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) and retro-orbital injection 
of an adenovirus expressing urokinase plasminogen activator. Mice underwent 
repeated cycles of NTBC: absent for 7-10 days and present for 2-3 days. Liver 
repopulation was monitored by HSA enzyme-linked immunosorbent assay (ELISA). 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Constitutional and somatic rearrangement of 
chromosome 21 in acute lymphoblastic leukaemia 
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Sara Dyer®”, Julian Borrow”, Mike Griffiths®>, Nyla A. Heerema®, Andrew J. Carroll’, Polly Talley’, Nick Bown’, Nick Telford!®, 
Fiona M. Ross*, Lorraine Gaunt", Richard J. Q. McNally”, Bryan D. Young’, Paul Sinclair”, Vikki Rand’, Manuel R. Teixeira!", 
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Changes in gene dosage are a major driver of cancer, known to be 
caused by a finite, but increasingly well annotated, repertoire of 
mutational mechanisms’. This can potentially generate correlated 
copy-number alterations across hundreds of linked genes, as exem- 
plified by the 2% of childhood acute lymphoblastic leukaemia (ALL) 
with recurrent amplification of megabase regions of chromosome 
21 (iAMP21)**. We used genomic, cytogenetic and transcriptional 
analysis, coupled with novel bioinformatic approaches, to reconstruct 
the evolution of iAMP21 ALL. Here we show that individuals born 
with the rare constitutional Robertsonian translocation between 
chromosomes 15 and 21, rob(15;21)(q10;q10)c, have approximately 
2,700-fold increased risk of developing iAMP21 ALL compared to 
the general population. In such cases, amplification is initiated by a 
chromothripsis event involving both sister chromatids of the Robert- 
sonian chromosome, a novel mechanism for cancer predisposition. 
In sporadic iAMP21, breakage-fusion-bridge cycles are typically the 
initiating event, often followed by chromothripsis. In both sporadic 
and rob(15;21)c-associated iAMP21, the final stages frequently involve 
duplications of the entire abnormal chromosome. The end-product 
is a derivative of chromosome 21 or the rob(15;21)c chromosome 
with gene dosage optimized for leukaemic potential, showing con- 
strained copy-number levels over multiple linked genes. Thus, dicen- 
tric chromosomes may be an important precipitant of chromothripsis, 
as we show rob(15;21)c to be constitutionally dicentric and breakage- 
fusion-bridge cycles generate dicentric chromosomes somatically. 
Furthermore, our data illustrate that several cancer-specific muta- 
tional processes, applied sequentially, can coordinate to fashion copy- 
number profiles over large genomic scales, incrementally refining the 
fitness benefits of aggregated gene dosage changes. 

Acute lymphoblastic leukaemia (ALL) is the most common childhood 
cancer, with an annual incidence of 35/million children aged 0-14 years’. 
Approximately 2% of these cases show intrachromosomal amplifica- 
tion of one copy of chromosome 21, iAMP21, which defines a distinct 
ALL subgroup** with prognostic and therapeutic implications”. 

In 95 patients with iAMP21 ALL enrolled in UK clinical trials, we found 
3 (3.2%) with a constitutional Robertsonian translocation between chro- 
mosomes 15 and 21, rob(15;21)(q10;q10)c. In other ALL trials, we iden- 
tified a further nine cases of i(AMP21 associated with rob(15;21)c, ata 
similar fraction of cases. Robertsonian translocations are rearrange- 
ments between the short arms of acrocentric chromosomes (namely, 


13-15, 21-22). They are found in about 1 in 1,000 newborns*”, but 
rob(15;21)c accounts for only 0.5-1% of these. To confirm this, we inter- 
rogated cytogenetics databases. Only three patients among 93,000 referrals 
for haematological malignancies to the Munich Leukaemia Laboratory 
and West Midlands Regional Genetics Laboratory carried rob(15;21)c. 
Similarly, only 16 cases were found among approximately 300,000 refer- 
rals to UK regional cytogenetics laboratories for investigation of infer- 
tility or previous Down syndrome birth. 

From these data, we estimate the risk of i(AMP21 ALL in carriers of 
rob(15;21)c to be increased approximately 2,700-fold over the general 
population (Supplementary Table 1). This association is remarkably 
specific. All patients in this study with rob(15;21)c had iAMP21 ALL, 
implying that they are not predisposed to other forms of ALL, nor other 
cancers, as far as we can ascertain. Furthermore, the only Robertsonian 
translocation associated with iAMP21 ALL was rob(15;21)c. For clarity, 
we use ‘rob(15;21)c’ to denote the germline configuration and “der(15;21) 
to describe the rearranged and amplified chromosome in these cases. 

Using cytogenetics, fluorescence in situ hybridization (FISH) and copy- 
number profiling, we studied 21 patients with sporadic iAMP21 ALL 
and 12 patients with ALL associated with rob(15;21)c. Five sporadic 
iAMP21 and four cases associated with rob(15;21)c were sequenced to 
identify genomic rearrangements’ (Supplementary Table 2; Extended 
Data Fig. 1; Supplementary Fig. 1). We applied deductive approaches, 
supported by confirmatory simulations, to reconstruct principles under- 
lying the temporal evolution of i(AMP21 ALL. This reasoning is explored 
in considerable detail, together with a sample-by-sample analysis, in Sup- 
plementary Results, Extended Data Figs 3-8, Supplementary Tables 3-6 
and Supplementary Figs 4-23. 

The broad themes are illustrated by two representative cases (Figs 1, 2). 
In PD9020a, a patient with sporadic iAMP21, the boundaries of the 
amplified region are demarcated by fold-back inversion rearrange- 
ments (Fig. 1a). These indicate breakage-fusion-bridge (BFB) repair", 
previously proposed to trigger iAMP21”!””*. Breakage-fusion-bridge 
repair is a mutational process initiated by a telomeric double strand 
(ds) DNA break that is replicated in S phase. In G2, the two copies of 
the dsDNA break are fused by non-homologous end-joining (marked 
(1) in Fig. 1a). This creates a dicentric chromosome in which the two 
centromeres are pulled to opposite poles during mitosis, forming an 
anaphase bridge. With cytokinesis, the bridge breaks, and the process 
can repeat in the next cell cycle (marked (2) in Fig. 1a). In the region 
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Figure 1 | Rearrangements of chromosome 21 
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between the fold-back inversions in PD9020a, we also found a cluster 
of back-and-forth rearrangements (marked (3)) of all four possible ori- 
entations, associated with copy-number profiles that oscillate among 
three states (Fig. 1a, zoomed-in panel). These clusters bear the hallmarks 
of chromothripsis'* (Extended data Table 1; Extended Data Fig. 2; Sup- 
plementary Results), a mutational process in which a one-off catastro- 
phic event shatters one or a few chromosomal regions leading to large 
numbers of localized genomic rearrangements’*"®. 

Two features of this genomic architecture allow reconstruction of 
the temporal evolution of the iAMP21 chromosome. First, the rearrange- 
ments frequently link together genomic segments of different copy num- 
ber (off-diagonal histograms, Fig. 1b). Second, as we traverse chromosome 
21 from first to last base-pair, the copy-number segments on either 
side of each breakpoint position typically differ in copy number by one 
(Fig. 1c). FISH confirms widespread RUNX1 signals along the iAMP21 
chromosome (Fig. 1d). On the basis of reasoning outlined in detail 
in Supplementary Results, these features indicate that chromothripsis 
occurred after two BFB cycles and was likely the final major event, sta- 
bilizing the chromosome (Fig. le). 

In PD7170a, a der(15;21) iAMP21 derived from rob(15;21)c, the pic- 
ture is dominated by a series of back-and-forth rearrangements span- 
ning chromosomes 15 and 21 (Fig. 2a—c). Cytogenetic and FISH studies 


| Generation of a stabilized chromosome 
after chromosomal repair 


i al 


. L—__J 
1st BFB 2nd BFB Chromothripsis 


confirmed that it was the Robertsonian chromosome undergoing rear- 
rangement (Fig. 2d-e). A sizable number of rearrangements link toge- 
ther segments of different copy number (off-diagonal histograms, Fig. 2b), 
and copy number oscillates among three, rather than two, states. Together 
with occasional inverted rearrangements with no breakpoints between 
the two joined ends, this pattern indicates that chromothripsis was the 
initiating event, and that the chromothripsis process involved both 
sister chromatids of the Robertsonian chromosome (Extended Data 
Figs 7, 8; Supplementary results; Supplementary Table 4). Importantly, 
the shattered sister chromatids are repaired into one derivative chro- 
mosome, thereby amplifying the copy number of some chromosomal 
regions (Fig. 2f). The amplification was completed by whole-chromosome 
duplication of the der(15;21) chromosome through isochromosome 
formation (Fig. 2d). 

These broad temporal sequences of events are reflected in the other 
samples (Fig. 3; Extended Data Fig. 6; Supplementary Results). In the 
other four sequenced cases of sporadic iAMP21, a telomeric fold-back 
inversion suggests at least one BFB cycle. In each, this was a critical early 
event, defining the break between the most amplified region of chro- 
mosome 21 and subtelomeric loss. Chromothripsis occurred after the 
BFB cycles in three cases. Finally, partial or whole-chromosome dupli- 
cations usually completed the evolution. In the other three sequenced 
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Figure 2 | Rearrangements of der(15;21) in 
patient PD7170a. a, Rearrangement and copy- 
number pattern. The temporal order of the two 
major rearrangement events are marked (1) and 
(2). Rearrangements are separated based on their 
orientation: D, deletion-type; TD, tandem 
duplication-type; HH, head-to-head inverted; 

TT, tail-to-tail inverted. b, Copy-number jump 
distribution, showing the copy number at each end 
of each rearrangement. c, Copy-number step 
distribution, showing the distribution in 
magnitude of copy-number change at 
copy-number segmentation breakpoints. 

d, Representative metaphases. Left, several signals 
for RUNX] (large red signals) are clustered on 
two regions on the abnormal chromosome, and 
normal copies of ETV6 on chromosome 12 (green). 
Right, cell painted for chromosomes 15 (green) 
and 21 (red). Inset shows partial G-banded 
karyotype: normal chromosome 15, normal 
chromosome 21 and isochromosome der(15;21). 
e, Left, cell shows representative metaphase from a 
non-leukaemic cell in patient PD10009a with 
rob(15;21)c, hybridized with centromere-specific 
probes for chromosomes 15 (green) and 13 and 21 
(red), confirming that the Robertsonian 
chromosome is dicentric. Right, cell shows a 
leukaemia metaphase in which der(15;21) iAMP21 
chromosome retains the chromosome 21 
centromere (red), but not the chromosome 15 
centromere (green). f, Model for evolution of 
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Figure 3 | Rearrangement patterns of the iAMP21 chromosome in the 
remaining patients. a, b, Rearrangement and copy-number patterns for 
chromosome 21 of sporadic iAMP21 ALL patients (a) and der(15;21) 
rearrangements in der(15;21) iAMP21 ALL patients (b). The inferred temporal 
orders of the major rearrangement events are shown with symbols (1), (2) and 
(3). In patients PD4117a and PD9021a, the fold-back rearrangement 
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demarcating the second BFB repair breakpoint have probably been lost or 
obscured due to subsequent rearrangement events, and a ‘?’ symbol is used to 
denote the uncertainty of their location. Inferred evolution of the derivative 
iAMP21 chromosomes are shown in the bottom panel. WC, whole 
chromosome; WCD, whole-chromosome duplication. Events with incomplete 
understanding are labelled ‘?’. 
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Figure 4 | Chromothripsis alters the copy-number landscape of 

chromosome 21 in a non-random fashion. a, b, Chromosome arm level 
(a) and zoomed-in view (b) of chromosome 21, showing gene expression, 
copy-number (CN) distribution, chromothripsis effect and distribution of 


der(15;21) iAMP21 cases, amplification was initiated by chromothripsis 
involving both sister chromatids of the rob(15;21)c chromosome. This 
seemed to be followed by further rearrangements in two cases and was 
completed by whole-chromosome duplications. 

These data provide insight into why there is such specific enrichment 
of i(AMP21 ALL in carriers of rob(15;21)c. Universally, the amplifica- 
tion is initiated by chromothripsis that affects both sister chromatids of 
the Robertsonian chromosome. This suggests that rob(15;21)c has a 
structural abnormality that specifically predisposes it, after replication, 
to the catastrophic shattering of chromothripsis. Using FISH, we demon- 
strated that the rob(15;21)c chromosome has centromeres from both 
chromosomes 15 and 21, and is thus dicentric (Fig. 2e and Extended 
Data Fig. 1). Our hypothesis, therefore, is that the two centromeres of 
the Robertsonian chromosome can occasionally confound attachment 
of mitotic spindles to the sister kinetochores, such that each chromatid 
connects to spindles emanating from opposite poles (Fig. 2f). During 
anaphase, this merotelic attachment would lead to lagging of both sister 
chromatids, rendering them jointly prone to chromothripsis. The der(15;21) 


rearrangement breakpoints. In the gene expression panels, positive-strand 
genes are shown in blue and negative-strand genes are shown in red. 

c, Correlation between average rate of deletion in the ref. 19 data set and 
chromothripsis effect for chromosome 21. IQR, interquartile range. 


iAMP21 chromosomes consistently lose the chromosome 15 centromere, 
shown by FISH (Fig. 2e) and sequencing (Figs 2a and 3b), potentially 
enhancing stability of the derivative chromosome. In sporadic iAMP21 
cases, chromothripsis frequently follows BFB cycles. Although we cannot 
know whether chromothripsis is an immediate consequence, it is plau- 
sible that the dicentric chromosome created by BFB repair could trigger 
chromothripsis, analogous to that seen with the dicentric rob(15;21)c’”"*. 

The preceding analysis provides insight into the mutational processes 
shaping chromosome 21, but unless the resulting chromosome profile 
confers a selective advantage on the clone, it will not expand. We com- 
bined copy-number profiles and gene expression data* from additional 
patients with iAMP21 ALL (Fig. 4). A consensus copy-number profile 
emerged in which regions from ~35.9-36.4 Mb and ~38.0-40.0 Mb of 
chromosome 21 were consistently the most highly amplified and over- 
expressed, including genes important in haematological malignancies 
such as RUNX1, DYRKIA and ETS2”. 

The final stage of iAMP21 generation usually involves duplication of the 
whole derivative chromosome, through whole-chromosome duplication, 
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isochromosome or ring formation. All duplications occurred after 
chromothripsis, suggesting that chromothripsis might be remodelling 
chromosome 21 ina non-random fashion. We used the inferred tem- 
poral evolution of somatic rearrangements to extract and average copy- 
number changes resulting from chromothripsis (Fig. 4). As expected, 
chromothripsis spared the most amplified regions, whereas on average 
one to two copies were deleted from other parts of the chromosome. 
Analysis of der(15;21) iAMP21 indicated that regions of chromosome 
15 were also consistently lost or retained, although sample numbers are 
small (Extended Data Fig. 9). 

Remarkably, the consensus chromothripsis landscape in iAMP21 
closely mirrored the copy-number profile of chromosome 21 averaged over 
thousands of cancer samples across different cancer types'’””? (P = 0.0003; 
Fig. 4c; Supplementary Figs 27-30). This indicates that chromothripsis 
has a critical role in optimising the copy-number landscape of chro- 
mosome 21 to maximise the net selective advantage gained from sub- 
sequent rounds of whole-chromosome duplication. 

From a detailed dissection of the mutational forces causing one par- 
ticular subtype of one particular cancer, findings with general significance 
have emerged. Carriers of constitutional rob(15;21)c chromosomes 
are specifically but highly predisposed to iAMP21 ALL. Usually, con- 
stitutional risk of cancer is mediated by variation in coding sequence 
or gene regulation, but here it seems to be transmitted through a pro- 
pensity for the Robertsonian chromosome to undergo chromothripsis 
after replication. This may be because it is dicentric and prone to ana- 
phase bridging, which would dovetail with the frequent occurrence of 
chromothripsis following BFB cycles in sporadic iAMP21 ALL. This 
hypothesis is consistent with the finding that lagging chromosomes 
during anaphase can become sequestered in micronuclei and subjected 
to chromosomal pulverisation before rejoining the main nucleus’””*. 
More generally, the study of iAMP21 ALL has illustrated how large- 
scale copy-number changes can be optimised by spatially and temporally 
coordinated genomic instability taking several complementary forms. 
BEB cycles can generate rapid-fire, focal amplification; chromothripsis 
causes loss of multiple, non-contiguous chromosomal regions; and whole- 
chromosome duplication gives expansive, low-amplitude amplification. 
Their combined activity, therefore, gives considerably more flexibility 
to shaping large-scale chromosomal copy-number profiles than any 
one process alone. Of course, clones sample these mutational processes 
randomly, so only when the aggregate fitness of such changes is pos- 
itive will the clone have the selective advantage to expand. 


METHODS SUMMARY 


Information was available from 21 iAMP21 patients and 12 with iAMP21 and 
rob(15;21)(q10;q10)c (Supplementary Table 2). Paired-end sequencing data were gen- 
erated as 37-75 bp paired reads from 400-500 bp fragments as previously described”®. 
The deductive reasoning for reconstructing temporal evolution of complex rear- 
rangements followed principles formulated previously’'. Confirmatory PCR across 
the breakpoints was performed for the vast majority of identified rearrangements 
(Supplementary Results). 
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XBP1 promotes triple-negative breast cancer by 
controlling the HIFla pathway 


XiChen!?, Dimitrios Iliopoulos?***, Qin Zhang”*, Qianzi Tang®’*, Matthew B. Greenblatt®, Maria Hatziapostolou**, Elgene Lim’, 
Wai Leong Tam!°, Min Ni?, Yiwen Chen", Junhua Mai’’, Haifa Shen'®”, Dorothy Z. Hus, Stanley Adoro’?, Bella Hu’, 
Minkyung Song”, Chen Tan)?, Melissa D. Landis'®, Mauro Ferrari*!”, Sandra J. Shin'’, Myles Brown’, Jenny C. Chang”"*, 


X. Shirley Liu!’ & Laurie H. Glimcher’? 


Cancer cells induce a set of adaptive response pathways to survive 
in the face of stressors due to inadequate vascularization’. One such 
adaptive pathway is the unfolded protein (UPR) or endoplasmic retic- 
ulum (ER) stress response mediated in part by the ER-localized trans- 
membrane sensor IRE1 (ref. 2) and its substrate XBP1 (ref. 3). Previous 
studies report UPR activation in various human tumours‘, but the 
role of XBP1 in cancer progression in mammary epithelial cells is 
largely unknown. Triple-negative breast cancer (TNBC)—a form of 
breast cancer in which tumour cells do not express the genes for oes- 
trogen receptor, progesterone receptor and HER2 (also called ERBB2 
or NEU)—is a highly aggressive malignancy with limited treatment 
options”*. Here we report that XBP1 is activated in TNBC and has a 
pivotal role in the tumorigenicity and progression of this human 
breast cancer subtype. In breast cancer cell line models, depletion of 
XBP1 inhibited tumour growth and tumour relapse and reduced the 
cp44"25CD24'” population. Hypoxia-inducing factor 1a (HIF1a) 
is known to be hyperactivated in TNBCs”’°. Genome-wide mapping 
of the XBP1 transcriptional regulatory network revealed that XBP1 
drives TNBC tumorigenicity by assembling a transcriptional com- 
plex with HIF 1a that regulates the expression of HIF 1a targets via the 
recruitment of RNA polymerase II. Analysis of independent cohorts 
of patients with TNBC revealed a specific XBP1 gene expression sig- 
nature that was highly correlated with HIFla and hypoxia-driven 
signatures and that strongly associated with poor prognosis. Our 
findings reveal a key function for the XBP1 branch of the UPR in 
TNBC and indicate that targeting this pathway may offer alterna- 
tive treatment strategies for this aggressive subtype of breast cancer. 

We determined UPR activation status in several breast cancer cell 
lines. XBP1 expression was readily detected in both luminal and basal- 
like breast cancer cell lines, but the level of its spliced form was higher 
in the latter which consist primarily of TNBC cells; XBP1 activation 
was also higher in primary TNBC patient samples (Fig. la, b). PERK 
but not ATF6 was also activated (Extended Data Fig. 1a), and transmis- 
sion electron microscopy revealed more abundant and dilated ER in 
multiple TNBC cell lines (Extended Data Fig. 1b). These data reveal a 
state of basal ER stress in TNBC cells. 

XBP1 silencing impaired soft agar colony-forming ability and inva- 
siveness (Extended Data Fig. 1c) of multiple TNBC cell lines, indicating 
that XBP1 regulates TNBC anchorage-independent growth and invasive- 
ness. We next used an orthotopic xenograft mouse model with inducible 


expression of two XBP1 short hairpin RNAs (shRNAs) in MDA-MB- 
231 cells. Tumour growth and metastasis to lung were significantly 
inhibited by XBP1 shRNAs (Fig. 1c-e and Extended Data Fig. 1d-g). 
This was not due to altered apoptosis (caspase 3), cell proliferation (Ki67) 
or hyperactivation of IRE] and other UPR branches (Fig. le and Extended 
Data Fig. 1h, i). Instead, XBP1 depletion impaired angiogenesis as dem- 
onstrated by the presence of fewer intratumoral blood vessels (CD31 
staining) (Fig. le). Subcutaneous xenograft experiments using two other 
TNBC cell lines confirmed our findings (Extended Data Fig. 1), k). Nota- 
bly, XBP1 silencing in a patient-derived TNBC xenograft model (BCM- 
2147) significantly decreased tumour incidence (Fig. 1f and Extended 
Data Fig. 11, m). 

TNBC patients have the highest rate of relapse within 1-3 years despite 
adjuvant chemotherapy’*. To examine XBP1’s effect on tumour relapse 
after chemotherapeutic treatment, we treated MDA-MB-231 xenograft- 
bearing mice with doxorubicin and XBP1 shRNA. Notably, combina- 
tion treatment not only blocked tumour growth but also inhibited or 
delayed tumour relapse (Fig. 2a). 

Tumour cells expressing CD44"™""CD24" have been shown to mediate 
tumour relapse in some instances''’. To test whether XBP1 targeted the 
cp44"""CD24"” population, we examined the mammosphere-forming 
ability of cells derived from treated tumours (day 20). Mammosphere 
formation was increased in doxorubicin-treated tumour cells, whereas 
tumours treated with doxorubicin plus XBP1 shRNA displayed sub- 
stantially reduced mammosphere formation (Fig. 2b), a finding con- 
firmed using another chemotherapeutic agent, paclitaxel (Extended Data 
Fig. 2a, b). Hypoxia activates the UPR, and XBP1 knockdown also mark- 
edly reduced mammosphere formation in hypoxic conditions (Extended 
Data Fig. 2b). Furthermore, CD44 expression was reduced in XBP1- 
depleted tumours (Extended Data Fig. 2c). 

To interrogate XBP1’s effect on CD44"®"CD24"™ cell function further, 
we used mammary epithelial cells (MCF10A) carrying an inducible Src 
oncogene (ER-Src), where v-Src is fused with the oestrogen receptor 
ligand-binding domain“. Tamoxifen treatment results in neoplastic 
transformation and gain ofa cp44""CD24"” population that has been 
previously associated with tumour-initiating properties’’. In transformed 
MCF10A-ER-Src cells, XBP1 splicing was increased in the cp44hish 
CD24" population (Fig. 2c), whereas XBP1 silencing reduced the CD 
448"CD24'™ fraction (Extended Data Fig. 2d, e) and markedly sup- 
pressed mammosphere formation (Extended Data Fig. 2f), phenotypes 
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Figure 1 | XBP1 silencing blocks TNBC cell growth and invasiveness. 

a, b, RT-PCR analysis of XBP1 splicing in luminal and basal-like cell lines (a) or 
primary tissues from 6 TNBC patients and 5 oestrogen/progesterone-positive 
(ER/PR*) patients (b). XBP1u, unspliced XBP1; XBP1s, spliced XBP1. B-actin 
was used as loading control. c, Representative bioluminescent images of 
orthotopic tumours formed by MDA-MB-231 cells as in Extended Data Fig. 1d. 
Bioluminescent images were obtained 5 days after transplantation and serially 
after mice were begun on chow containing doxycycline (day 19) for 8 weeks. 


not attributable to a direct effect of XBP1 on cell viability (Extended Data 
Fig. 2g, h). Furthermore, limiting dilution experiments demonstrated 
loss of tumour-seeding ability in XBP1-depleted cells (Fig. 2d). CD44"'*" 
CD24’ cells sorted from TNBC patient samples confirmed increased 
XBP1 splicing and other UPR markers, and XBP1 silencing impaired 
mammosphere-forming ability (Fig. 2e, fand Extended Data Fig. 3a). 
Conversely, overexpression of spliced XBP1 (XBP1s) in CD44°"CD24"" 
cells resulted in gain of mammosphere-forming ability and increased 
resistance to doxorubicin treatment (Extended Data Fig. 3b, c). Notably, 
patient-derived CD44°°"CD24"®" cells overexpressing XBP1s, but not 
control parental cells, initiated tumour formation in immunodeficient 


Pictures shown are the day 19 image (before dox) and day 64 image (after dox). 
d, Quantification of imaging studies as in c. Data are shown as mean + s.d. 
of biological replicates (n = 8). *P < 0.05, **P < 0.01. e, Haematoxylin and 
eosin (H&E), Ki67, cleaved caspase 3 or CD31 immunostaining of tumours or 
lungs 8 weeks after mice were fed chow containing doxycycline. Black arrows 
indicate metastatic nodules. f, Tumour incidence in mice transplanted with 
BCM-2147 tumour cells (10 weeks after transplantation). Statistical 
significance was determined by Barnard’s test”””’. 


mice (Extended Data Fig. 3d, e). These data establish a critical role of 
XBP1 in CD44"®CD24"™ cells within TNBC. 

Chromatin immunoprecipitation coupled with ultra-high-throughput 
DNA sequencing (ChIP-seq) and motif analysis of XBP1 in MDA-MB- 
231 cells revealed statistically significant enrichment of both the HIFla 
and XBP1 motifs (Fig. 3a and Extended Data Fig. 4a), indicating frequent 
co-localization of HIFla and XBP1 to the same regulatory elements. 
HIF 1a is hyperactivated in TNBCs, required for the maintenance of 
cp44"2"CD24!™ cells*!®'*”, and is regulated in response to micro- 
environmental oxygen levels. XBP1 ChIP-seq was therefore also carried 
out in MDA-MB-231 and Hs578T cells cultured under hypoxia and 
glucose deprivation conditions for 24h. Exposure to these stressors 
increased XBP1 splicing, resulting in a corresponding increase in signal 
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five patients with TNBC (br ca 1-5) that were untreated or infected with 
lentiviruses encoding control shRNA or XBPI shRNA. Data are shown as 
mean + s.d. of technical triplicates. 
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Figure 3 | HIF1a is a co-regulator of XBP1. a, Motif enrichment analysis in 
the XBP1 binding sites in untreated (Un) or stressed (0.1% O, and glucose 
deprivation; HG) MDA-MB-231 or Hs578T cells. The 1-kilobase (kb) region 
surrounding the summit of the XBP1 peak is equally divided into 50 bins. The 
average HIFlo motif occurrence over top 1,000 XBP1 peaks in each bin is 
plotted. The sequence logo for HIF1a motif is shown as an inset. The 
corresponding P values of each condition are: M231_Un, 7.78 X 107°; 
M231_HG, <1.08 X 10 *°; Hs578T_HG, <1.08 X 10 *°. b, Nuclear extracts 
from MDA-MB-231 cells (treated with 0.1% O, for 10h first and then with 
1pgml * tunicamycin for another 6h in 0.1% O2) were subjected to 
co-immunoprecipitation with anti-HIFlo antibody or rabbit IgG. 

IB, immunoblot. c, Schematic of the luciferase reporter constructs. 3X HRE 
reporter was co-transfected with doxycycline (dox)-inducible constructs 
encoding control or two XBP1 shRNAs into MDA-MB-231 cells. Cells were 
treated in 0.1% O, for 24h and luciferase activity assayed. Experiments were 
performed in triplicate and data are shown as mean + s.d. d, Gene expression 
microarray heat map showing that genes involved in the HIFla-mediated 
hypoxia response were differentially expressed after XBP1 knockdown. 


Co-immunoprecipitation experiments revealed a physical interaction 
of HIF1q, but not HIF2«, with XBP1 in 293T cells co-expressing HIF1 
and XBP1s cultured under hypoxic conditions; an interaction was also 
observed with endogenous proteins in two TNBC cell lines: MDA-MB- 
231 and Hs578T (Fig. 3b and Extended Data Fig. 4h-j). Subcellular frac- 
tionation revealed that this interaction occurs in the nucleus, and that 
unspliced XBP 1u protein was not detectable (Extended Data Fig. 4k, 1). 
Glutathione S-transferase (GST) pull-down experiments showed that 
HIF1« interacts with the XBP1s amino-terminus b-zip domain (Extended 
Data Fig. 4m, n). 

We next established that XBP1 and HIF1« co-occupied several well- 
known HIF1« targets using ChIP-qPCR (Extended Data Fig. 5a—c). ChIP- 
re-ChIP assays using anti-XBP1s followed by anti- HIFla antibodies 


e, RT-PCR analysis of HIF 1a target gene expression after knockdown of XBP1 
in MDA-MB-231-derived xenograft tumours in NOD/SCID/II2ry ‘~ mice. 
Results are presented relative to B-actin expression. n = 5. f, Plot showing the 
genome-wide association between the strength of XBP1 binding and the 
occurrence of the HIF1lo motif. The signal of XBP1 ChIP-seq peaks is shown as 
a heat map using red (the strongest signal) and white (the weakest signal) colour 
scheme. Each row shows + 300 bp centred on the XBP1 ChIP-seq peak 
summits. Rows are ranked by XBP1 occupancy. The horizontal blue lines 
denote the presence of the HIFla motif. g, h, Chromatin extracts from control, 
XBP1 knockdown (g) or HIF1a knockdown (h) MDA-MB-231 cells (treated 
with 0.1% O, for 24h) were subjected to ChIP using anti-HIF1la (g) or 
anti-XBP1 antibodies (h). Data are shown as mean = s.d. of technical 
triplicates. Results show a representative of two independent experiments. 

i, Growth curve of tumours formed by MDA-MB-231 cells infected with 
inducible control shRNA (shCtrl), XBP1 shRNA (shXBP1) or XBP1 shRNA 
plus constitutively activated HIFlo (shXBP1 + HIFla dPA). Mice were fed 
with doxycycline chow from day 7. Data are shown as mean ~ s.d. of biological 
replicates (n = 5). *P < 0.05, **P < 0.01. 


confirmed that XBP 1s and HIF1« simultaneously co-occupy these com- 
mon targets (Extended Data Fig. 5d). DNA pull-down assays with a 
HIF 1« (ref. 18) specific probe precipitated XBP1s in MDA-MB-231 
nuclear extracts under hypoxia, indicating their presence in the same 
complex (Extended Data Fig. 5e, f). XBP1 depletion by two indepen- 
dent shRNA constructs markedly reduced hypoxia response element 
(HRE) luciferase activity under hypoxia (Fig. 3c). Conversely, XBP1s 
expression dose-dependently transactivated the HRE reporter (Extended 
Data Fig. 5g, h), confirming that XBP1 augments HIF1« activity. 
When we profiled the differential transcriptome induced by XBP1 
silencing in MDA-MB-231 cells, gene-set enrichment analysis identified 
significant enrichment of HIFla-mediated hypoxia response pathway 
genes (Fig. 3d and Extended Data Fig. 6a). XBP1 depletion downregulated 
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HIFla targets VEGFA, PDK1, GLUT] (also called SLC2A1) and DDIT4 
expression in both normoxic and hypoxic conditions (Extended Data 
Fig. 6b), and these results were validated in breast cancer xenografts 
(Fig. 3e) and Hs578T cells (Extended Data Fig. 6c). However, XBP1 
depletion in luminal tumours did not affect these targets (Extended 
Data Fig. 6d). 

To explore the consequences of this cooperation further, we exam- 
ined how XBP1 or HIF1« loss affected the transcription of common 
target genes. We found that high XBP1 occupancy at its binding sites 
was associated with increased occurrence of the HIFla motif across 
the genome in TNBC (Fig. 3f). Whereas XBP1 depletion had no imme- 
diate effect on HIF 1 expression, it substantially attenuated concurrent 
HIFla and RNA polymerase II occupancy (Extended Data Fig. 6e-g 
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Figure 4 | XBP1 genetic signature is associated with human TNBC 
prognosis. a, Heat map showing the expression profile of genes bound by 
XBP1 and differentially expressed after XBP1 knockdown. b, c, Kaplan-Meier 
graphs demonstrating a significant association between elevated expression 
of the XBP1 signature (red line) and shorter relapse-free survival in two cohorts 
of patients with TNBC (b and c). d, Kaplan-Meier graphs showing significant 
association of elevated HIF1a gene signature expression (red line) with 
shorter relapse-free survival in a cohort of 383 TNBC patients. The log-rank test 
P values are shown. 
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and Fig. 3g). Similarly, XBP1 and RNA polymerase II occupancy at co- 
bound sites was likewise reduced in the absence of HIF1o under hypoxic 
conditions (Fig. 3h and Extended Data Fig. 6h-l). These results indicate 
that the assembly of the XBP1-HIF1a complex on target promoters is 
crucial for their transcription, via the recruitment of RNA polymerase II. 

To establish whether HIF1« contributes to the function of XBP1 in 
TNBC, we performed rescue experiments using a haemagglutinin (HA)- 
tagged constitutively activated hydroxylation-mutant HIF1o construct 
(HA-HIF1adPA: P402A/P564A). XBP1 splicing was not directly regu- 
lated by HIF 1x (Extended Data Fig. 7a—-c). Enforced overexpression of 
HIFladPA in XBP1-depleted cells restored expression of HIF 1a targets 
and rescued anchorage-independent growth, mammosphere-forming 
ability, angiogenesis and in vivo tumour growth (Fig. 3i and Extended 
Data Fig. 7d—-h). Conversely, HIF1 silencing in XBP 1s overexpressing 
cells markedly compromised their ability to sustain mammosphere for- 
mation (Extended Data Fig. 7i). Hypoxia is a physiological UPR inducer 
in cancer” and XBP1s co-localizes with hypoxia marker CA9 in tumours”. 
Our experiments demonstrate that XBP1 functions to sustain the hypoxia 
response via regulating the HIF 1 transcriptional program (Extended 
Data Fig. 8), which ensures maximum HIF activity and adaptive responses 
to the cytotoxic microenvironment of solid tumours. 

Integrated analysis of XBP1 ChIP-seq data and gene expression pro- 
files identified 96 genes directly bound and upregulated by XBP1. This 
gene set was defined as the XBP1 signature (Fig. 4a and Supplementary 
Table 1). Its expression was highly correlated with hypoxia-driven signa- 
tures in TNBC (Pearson’s correlation coefficient = 0.61; P = 2.28 x 10 ©), 
but not in ER™ breast cancer patients (coefficient = 0.03; P = 0.64) 
(Extended Data Fig. 9a, b). Survival analysis using an aggregate breast 
cancer data set for 193 TNBC patient samples” demonstrated that tumours 
with an elevated XBP1 signature displayed shorter relapse-free survival 
(log-rank test, P = 0.00677) (Fig. 4b). Cox regression analysis showed 
that association of the signature with relapse-free survival remained 
significant after controlling for tumour size, grade and chemotherapy 
treatment (P = 0.00453, Supplementary Table 2). These findings were 
validated in a separate cohort of 190 TNBC patients (Fig. 4c). Impor- 
tantly, the XBP1 signature did not correlate with clinical outcome of 
ER* breast cancer patients (P = 0.553) (Extended Data Fig. 9c), indicating 
its specific prognostic value for TNBC. Expression of the XBP1-regulated 
HIF1a program was also associated with decreased relapse-free sur- 
vival only in TNBC (P = 0.00911) (Fig. 4d and Extended Data Fig. 9d). 
Although XBP1 silencing also affects luminal breast cancer growth, it 
does so via a mechanism not involving HIF 1a (Extended Data Figs 4g, 
6d and 10). 

In conclusion, we have uncovered a key function of XBP1 in the tumor- 
igenicity, progression and recurrence of TNBC, and have identified 
XBP1’s control of the HIFlo transcriptional program as the major 
mechanism. XBP1 pathway activation correlates with poor patient sur- 
vival in TNBC patients, indicating that UPR inhibitors in combination 
with standard chemotherapy may improve the effectiveness of anti- 
tumour therapies. 


METHODS SUMMARY 

Orthotopic tumour growth assays. Female NOD/SCID/II2ry ‘~ or nude mice 
(Taconic) were injected orthotopically with 1.5 X 10° viable tumour cells re-suspended 
in 40 il Matrigel (BD Biosciences) into mammary glands and fed chow containing 
6 g doxycycline per kg (Bioserv). For bioluminescent detection, mice were given a 
single intraperitoneal injection of luciferin, ketamine and xylazine and imaged 
with an IVIS imaging camera (Xenogen). Imaging intensity was normalized to the 
luminescence signal of individual mice before doxycycline chow treatment. The 
average luminescence ratio of treatment groups (lacZ or XBP1 shRNA) was plotted 
over the course of doxycycline chow treatment and results presented as mean = s.d. 
Mammosphere formation assay. Mammospheres were generated from cells in sus- 
pension (1,000 cells ml~') in serum-free DMEM/F12 media, supplemented with 
B27 (1:50, Invitrogen), 0.4% BSA, 20 ng ml’ EGF and 4 yg ml * insulin. After 6 days 
mammospheres were typically >75 jum in size with ~97% CD44" 8"CD24'. For 
serial passaging, 6-day-old mammospheres were collected, dissociated to single 
cells with trypsin and re-grown in suspension for 6 days. 
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As the concentrations of highly consumed nutrients, particularly 
glucose, are generally lower in tumours than in normal tissues’, can- 
cer cells must adapt their metabolism to the tumour microenviron- 
ment. A better understanding of these adaptations might reveal cancer 
cell liabilities that can be exploited for therapeutic benefit. Here we 
developed a continuous-flow culture apparatus (Nutrostat) for main- 
taining proliferating cells in low-nutrient media for long periods of 
time, and used it to undertake competitive proliferation assays on a 
pooled collection of barcoded cancer cell lines cultured in low-glucose 
conditions. Sensitivity to low glucose varies amongst cell lines, and 
an RNA interference (RNAi) screen pinpointed mitochondrial oxid- 
ative phosphorylation (OXPHOS) as the major pathway required 
for optimal proliferation in low glucose. We found that cell lines 
most sensitive to low glucose are defective in the OXPHOS upregu- 
lation that is normally caused by glucose limitation as a result of 
either mitochondrial DNA (mtDNA) mutations in complex I genes 
or impaired glucose utilization. These defects predict sensitivity to 
biguanides, antidiabetic drugs that inhibit OXPHOS**, when can- 
cer cells are grown in low glucose or as tumour xenografts. Notably, 
the biguanide sensitivity of cancer cells with mtDNA mutations was 
reversed by ectopic expression of yeast NDI1, a ubiquinone oxido- 
reductase that allows bypass of complex I function®. Thus, we con- 
clude that mtDNA mutations and impaired glucose utilization are 
potential biomarkers for identifying tumours with increased sens- 
itivity to OXPHOS inhibitors. 

As nutrient concentrations in tumours are different to those in nor- 
mal tissues, cancer cells in vivo may have metabolic dependencies that 
are not shared by normal cells®. In particular, tumour glucose concen- 
trations are frequently 3- to 10-fold lower than in non-transformed 
tissues'”, probably as a result of the high rate of glucose consumption 
by cancer cells and the poor tumour vasculature. To study the metabolic 
dependencies imposed on cancer cells by a chronically low-glucose 
environment, we developed a continuous-flow culture system for main- 
taining proliferating cells in reduced but steady glucose concentrations 
for long periods of time. In this system, which we calla Nutrostat, media 
ofa defined glucose concentration is fed into a suspension culture while 
spent media is removed at the same rate (Fig. 1a). By measuring cell 
proliferation and glucose concentrations, glucose consumption can be 
predicted and glucose levels in the intake media can be adjusted so that 
culture glucose concentrations remain within a 0.5-mM window (Fig. 1b). 
Jurkat leukaemia cells seeded into 1 mM glucose media in a traditional 
culture vessel rapidly ceased proliferating as glucose became depleted 
(Extended Data Fig. 2). In contrast, in a Nutrostat maintained at approxi- 
mately 0.75 mM glucose, Jurkat cells proliferated exponentially at a rate 
that was only slightly less than in approximately 10 mM glucose (doub- 
ling time of 26 versus 24h, Fig. 1b). Despite having a small effect on 
Jurkat cell proliferation, long-term culture in low glucose caused profound 
metabolic changes: rates of glucose consumption, lactate production 
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and ATP levels decreased as did levels of intermediates in the upper 
glycolysis and pentose-phosphate pathways (Fig. 1c, d). 

To determine whether all cancer cells respond similarly to long-term 
low-glucose culture, we undertook a competitive proliferation assay with 
a pooled collection of 28 patient-derived cancer cell lines, each marked 
with a lentivirally transduced DNA barcode (Fig. 2a). All cell lines were 
capable of proliferating in suspension and many were derived from 
blood cancers but also from breast, lung, stomach and colon cancers. 
The relative abundance of each cell line at the initial seeding and after 
three weeks in culture at 0.75 or 10 mM glucose was determined by 
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Figure 1 | Nutrostat design and metabolic characterization of cancer cells 
under chronic glucose limitation. a, Nutrostat schematic. b, Fold change in 
cell number (top) and media glucose concentration (bottom) of Jurkat cells 
grown in Nutrostats at 10 mM (black) or 0.75 mM (blue) glucose. DT, doubling 
time. c, Indicated metabolite levels in Nutrostats at 10 mM (black) or 0.75 mM 
(blue) glucose. d, Differential intracellular metabolite abundances (P < 0.05) 
from cells in Nutrostats at 10 mM (bottom three rows) or 0.75 mM (top three 
rows) glucose, relative to the average abundance in 10 mM glucose. Colour bar 
indicates scale (Log, transformed). Error bars are s.e.m. (n = 2 (glucose and 
lactate), 3 (NAD(H) ratio) and 8 for ATP levels). Replicates are biological, 
means reported. *P < 0.05 by two-sided Student’s t-test. C18:2 and C34:1, the 
number of carbons and number of unsaturated linkages (separated by colons). 
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Figure 2 | Barcode-based cell competition assay and RNAi screen in 
Nutrostats. a, Experimental design of cell competition assay. gDNA, genomic 
DNA. b, Per cent changes in doubling times of indicated cell lines in the 
competition assay, benchmarked to Jurkat cells (red), relative to 0.75 mM 
glucose. Significant increase (black) or decrease (blue) in doubling time 
indicated (P < 0.05). c, Experimental design outline of RNAi-based screen. 
PD, population doubling. d, Primary screening data (mean log fold change) in 
10 mM (x axis) versus 0.75 mM (y axis) glucose. e, Genes scoring as 
preferentially required in 0.75 mM glucose (top); diagram of mitochondrial 


deep sequencing of the barcodes, and the change in doubling time cal- 
culated for each cell line (Fig. 2b and Supplementary Table 1). Interestingly, 
cancer cell lines exhibit diverse responses to glucose limitation, as the 
proliferation of many was unaffected, whereas that of a subset was strongly 
reduced and another, unexpectedly, increased (Fig. 2b). The presence 
or absence of known oncogenic mutations did not correlate with dif- 
ferences in low-glucose sensitivity. 

To understand the metabolic processes that mediate the response 
to glucose limitation, we used a cell line of modest glucose sensitivity 
(Jurkat) to undertake a pooled RNAi screen of 2,752 human metabolic 
enzymes and small molecule transporters (15,997 total short hairpin 
RNAs (shRNAs); 5 to 10 shRNAs per gene) in high- or low-glucose 
media in Nutrostats (Fig. 2c). For control shRNAs and the great major- 
ity of gene-targeting shRNAs, the average fold change in shRNA abund- 
ance was similar in both conditions (Fig. 2d and Supplementary Table 2). 
However, 10.5% of shRNAs were differentially depleted and, based on 
our hit criteria (see Methods; for alternative criteria* see Supplemen- 
tary Table 3), we identified 28 and 36 genes whose suppression prefer- 
entially inhibited cell proliferation in high or low glucose, respectively 
(Fig. 2e and Extended Data Fig. 3a). Genes selectively required in 10 mM 
glucose fell into several pathways but were enriched for glycolytic genes 
(GAPDH, ALDOA, PKM, ENO1; P < 8.6 X 10”). In marked contrast, 
genes selectively required under 0.75 mM glucose consisted almost exclu- 
sively of the nuclear-encoded components of mitochondrial OXPHOS 
(Fig. 2e). Among the scoring genes were six of the seven nuclear-encoded 
core complex I subunits conserved between mammals and bacteria’, 
a significant enrichment compared to non-core subunits (P < 0.0012, 
Extended Data Fig. 3b). Two genes required for OXPHOS function, 


OXPHOS Complexes (middle); and the number of mitochondria- or 
nuclear-encoded components and number of nuclear-encoded genes that 
scored in e are indicated (bottom, red). P values were obtained by chi-squared 
tests for complex I (*P<9.3 X 10 “°), III (*P<6.6 X 10 *°), IV (P<8.3 X 
10 '°) and V (P<5.6 X 10 7°). Q, ubiquinone. f, Gene suppression of cells 
expressing indicated shRNAs (left) and proliferation (right) in 0.75 mM (blue) 
relative to 10 mM glucose (black). *P < 0.05 relative to control shRNA (shRFP) 
by two-sided Student’s t-test, 0.75 mM glucose. Error bars are s.e.m. (n = 3). 
Replicates are biological, means reported. 


ACAD9and PISD*"’, also scored, as did SLC2A 1, the gene encoding the 
GLUT! glucose transporter. Short-term individual assays validated that 
efficient suppression of top scoring OXPHOS genes selectively decreased 
proliferation under low glucose, whereas hairpins targeting non-scoring 
OXPHOS genes did so to a significantly lesser extent (Fig. 2fand Extended 
Data Fig. 3c). Thus, a screen of metabolic genes pinpointed OXPHOS as 
the key metabolic process required for optimal proliferation of cancer 
cells under glucose limitation. 

Given these very clear results it seemed likely that fundamental dif- 
ferences in mitochondrial function exist between cancer cell lines that 
are most sensitive (U-937, MC116, NCI-H929, KMS-26) and resistant 
(Raji, NCI-H82, NCI-H524, SNU-16, NCI-H2171) to glucose limita- 
tion. However, we did not detect any differences in mtDNA content, 
mitochondrial mass, and baseline oxygen consumption rate (OCR, Ex- 
tended Data Fig. 4a, b). Therefore, we considered whether a key dif- 
ference is in the mitochondrial response to glucose limitation, which 
reversibly induces oxygen consumption" (Extended Data Fig. 4c). Indeed, 
when cultured in low-glucose media, the low-glucose-sensitive cell lines 
upregulated OCR less than the resistant ones (Fig. 3a). Furthermore, in 
response to the mitochondrial uncoupling agent FCCP (carbonyl cyan- 
ide p-trifluoromethoxyphenylhydrazone), low-glucose-sensitive cell 
lines induced OCR to a lesser extent than resistant lines, indicating they 
have reduced spare respiratory capacities (Fig. 3b). 

We considered two explanations for why low-glucose-sensitive lines 
do not substantially increase oxygen consumption upon glucose limita- 
tion: first, a defect in glucose utilization that limits substrates for mito- 
chondria; or second, a defect in OXPHOS itself. Consistent with the first 
possibility, glucose consumption (Fig. 3c) and import (Extended Data 
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Fig. 4d) under low-glucose conditions were defective in two (NCI-H929 
and KMS-26) of the low-glucose-sensitive cell lines. Analysis of publicly 
available gene expression data revealed that these cell lines have low 
expression of the GLUT3 and GLUT1 glucose transporters, which we 
verified by quantitative PCR (qPCR) (Fig. 3d), as well as lower levels of 
several glycolytic enzymes (Extended Data Fig. 4e). Using gene expres- 
sion data for 967 cell lines’? we identified additional lines with this expres- 
sion signature and obtained five of them (Extended Data Fig. 5 and 
Supplementary Table 4). In low-glucose media, the five lines (LP-1, 
L-363, MOLP-8, D341 Med, KMS-28BM) had the predicted defect in 
glucose consumption and proliferation, like NCI-H929 and KMS-26 
cells (Fig. 3e and Extended Data Fig. 8b). In all cell lines tested (KMS-26, 
NCI-H929, L-363, LP-1, MOLP-8), GLUT3 overexpression was suffi- 
cient to rescue these phenotypes (Fig. 3f, g, and Extended Data Fig. 4f), 
without substantially affecting proliferation in high glucose (Extended 
Data Fig. 4g), arguing that a glucose utilization defect can account for 
why the proliferation of certain cancer cells is sensitive to low glucose. 
Indeed, in a competitive proliferation assay, overexpression of GLUT3 
provides a growth advantage to KMS-26 cells compared to vector infected 
controls grown under 0.75 to 2.0 mM glucose in culture and in tumour 
xenografts (Extended Data Fig. 6). 

To investigate whether defects in OXPHOS may be a distinct mech- 
anism underlying low-glucose sensitivity, we focused on U-937 cells as 
they have low basal OCR but normal glucose utilization (Fig. 3c and 
Extended Data Fig. 4a). Indeed, in permeabilized-cell mitochondrial- 
function assays, U-937 cells had a profound defect in using substrates 
for complexes I (pyruvate and malate) and II (succinate), but not complex 
IV (TMPD (tetramethylphenylenediamine) and ascorbate) (Fig. 3h and 
Extended Data Fig. 4h). Sequencing of the seven complex I subunits 
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encoded by the mitochondrial genome (mtDNA) revealed heteroplas- 
mic truncating mutations in NDI and ND5 in U-937 cells (Fig. 3i). 

We used available cancer genome resequencing data and information 
from the literature'*”’ to identify additional cell lines with mtDNA muta- 
tions in complex I subunits and obtained five, including two with the 
same ND5 mutation as U-937 cells (Fig. 3) and Extended Data Fig. 7). 
Like U-937, the additional lines (BxPC3, Cal-62, HCC-1438, HCC-827, 
NU-DHL-1) weakly boosted OCR in low-glucose media (Fig. 3k) and 
had a proliferation defect in this condition (Extended Data Fig. 8b). To 
investigate whether these phenotypes are caused by complex I dysfunction, 
we expressed the Saccharomyces cerevisiae NDII gene, which catalyses elec- 
tron transfer from NADH to ubiquinone without proton translocation*™. 
NDII expression significantly increased the basal OCR of the complex 
I defective cells (Cal-62, HCC-827, BxPC3, U-937) and partly rescued 
their proliferation defect in low glucose, but did not substantially affect 
proliferation in high glucose (Extended Data Fig. 4f, i-l). In an alterna- 
tive approach, culture of Cal-62 cells for 1.5 months in the presence ofa 
complex I inhibitor (phenformin) produced a population of cells with 
significantly enriched wild-type mtDNA content and a corresponding 
decrease in sensitivity to low glucose, changes not observed in cells expres- 
sing NDI1 (Extended Data Fig. 9). Taken together, these data identify 
defective glucose utilization and mitochondrial dysfunction as two dis- 
tinct mechanisms for conferring sensitivity to glucose limitation on 
cancer cell lines. 

RNAi-mediated suppression of OXPHOS exacerbated the modest 
sensitivity of Jurkat cells to low glucose (Fig. 2). Thus, we wondered wheth- 
er low-glucose-sensitive cells lines may be, like LKB1-deficient cells’’, 
particularly sensitive to the biguanide class of pharmacological OXPHOS 
inhibitors** that includes metformin and the more potent biguanide 
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phenformin’. Indeed, in low-glucose media, cell lines with mtDNA- 
encoded complex I mutations (U-937, BxPC3, Cal-62, HCC-1438, HCC- 
827, NU-DHL-1) or impaired glucose utilization (NCI-H929, KMS-26, 
LP-1, L-363, MOLP-8, D341 Med, KMS-28BM) were 5- to 20-fold more 
sensitive to phenformin compared to control cancer cell lines or an 
immortalized B-cell line (Fig. 4a), and similar results were obtained with 
metformin or when using direct cell counting as a readout (Extended 
Data Fig. 8a, b, d). The low-glucose-sensitive cell lines, particularly those 
with impaired glucose utilization, tended to be more sensitive to phen- 
formin in 0.75 than 10 mM glucose, but substantial sensitivity persisted 
at 1.5 to 3.0 mM glucose (Fig. 4b and Extended Data Fig. 8c, e). Impor- 
tantly, in cells with impaired glucose utilization, GLUT3 overexpres- 
sion almost completely rescued the phenformin sensitivity specific to 
the low-glucose condition, such that GLUT3-expressing cells in 0.75 mM 
glucose and control cells in 10 mM glucose were similarly affected by 
phenformin (Fig. 4c). Likewise, in cells with mutations in complex I, 
NDI1 expression almost completely rescued the effects of phenformin 
on proliferation (Fig. 4d) and oxygen consumption (Fig. 4e and Extended 
Data Fig. 8g). Phenformin sensitivity is restricted to cells with the inter- 
mediate levels of mitochondrial dysfunction typically seen in cancer 


but sensitive to low glucose (Extended Data Fig. 8h). 
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cells, as cells lacking mtDNA (143B Rho) are insensitive to phenformin 


Consistent with these findings and with the low-glucose environment 
, phenformin inhibited the growth of mouse tumour 
xenografts derived from cancer cells with mtDNA mutations (Cal-62, 
U-937) or poor glucose consumption (KMS-26, NCI-H929), but not 
from cells lacking these defects (NCI-H2171 and NCI-H82) (Fig. 4f, g). 
The effects of phenformin on tumour xenograft growth were rescued 


and in KMS-26 


cells by the overexpression of GLUT3 (Fig. 4g and Extended Data Fig. 8f), 
demonstrating that the effect of phenformin on these xenografts has 
a cell-autonomous component. Thus, the glucose-utilization gene sig- 
nature described earlier and mutations in mtDNA-encoded complex I 
subunits may serve as biomarkers for identifying tumours that are par- 
ticularly sensitive to phenformin treatment. Such tumours are prob- 
ably relatively common, as the prevalence of truncating mutations in 


to be as high as 


16%’° and we detect the low-glucose-import gene expression signature 
in at least 5% of cell lines profiled (of which multiple myeloma and small 
cell lung cancer are significantly enriched). Interestingly, a number of 


a . LKB1- mtDNA = 10 mM glucose 
Control lines deficient complex | mutations Impaired glucose utilization Other @ 15 © 0.75 mM glucose ee 15 
aD = aD 7 
& NCI-H2171 & NCI-H929 
S 1.0 Ss 1.0 
40-4) 1 ly tig o§g |] ee 6; | fi 8 | Ia ps 6 
| 20 05 Zu 05 
| Bo o 
oOo We  ‘Oif\lrincasnsclachweasibn 
2 Se ivone rere wer crite, Se 0.0 
SE 05 | § -05 5-05 
O8 I of =a0+,——_—_1—1— = A001 
Z6 0 10 20 40 100200 0 10 20 40 100200 
10 3 | | | Phenformin (uM) Phenformin (uM) 
S2 00 - 
£&g Phenformin | 
2 s i | f — Control — Phenformin 
Be 
a -0.5 10m NCI-H2171 NCI-H82 
20 mi o@ 15 o_ 
40m gs 53 
100 @ O§ O§ 
200 i Ss 1 28! 
a1 T T T T T T T T T T T T T T T T T T T T T T T T 3 om 5 3 D5 
SO Po Lh 2 HP GS SP FH PF HM GM KP or Oo SF © SF 52 52 
PW OT OR 3 Py gh KN POP HOF LO SS iF 0 og 
YX ta oO Rs Ss oO @ S cr) Oo oe x we y we o AS Tou a ad T T T 1 
v¥ © y © © ew Ss ee « 0 5 10 15 20 0 5 10 15 
eS S Time (days) Time (days) 
c= d % in * ey, = u-937 NCI-H929 
>» 2 Phenformin: 25 uM 8 I | ] i | | 1 | | | i | @ 15 @ 2 
§ * g_s ry o 
2s 1.0: * eo 1.0 =m) 501 
gg sss ° 32 10 3e 
SES “ * 565 2s 224 
Eze Fel * £22 gs 5 s 35 
238 05 S3y 05 22 * gx 
Boe Boe 2 2 
oes oes = o-——— TT 
a és ao € 0 5 10 15 0 § 10 15 20 
8 0.0 8 0.0 Time (days) Time (days) 
Glucose (MM): 10 0.7510 0.75 100.75 100.75 100.75100.75 1007510075 1007510075 Phen(25uM): - + - + -+ -+ -+ -~+ -+ -+ 
cDNA: Vector GLUT3 VectorGLUT3 VectorGLUT3 Vector GLUT3 Vector GLUT3 CDNA: Vector NDI1 Vector NDI1 Vector NDI1 Vector NDI1 
NCI-H929 KMS-26 L-363 MOLP-8 LP-1 NU-DHL-1 BxPC3 Cal-62 HCC-1438 
g — Control — Phenformin 
iy NCI-H929 L-363 38 © HOG-1438 ae @aCahee vector Galree NDI 
S BE @ HCG-1438 NDI1 Eo eo 
s 1.04: 25 4 Cal-62 29 22 
x >eao Ss 4 c 
2S 05 220 4 Cal-62 NDI1 Ss Ss 4 
BS 00 BES $BxbCa go 2 .i zp e 
S£o5 Fo 8  BxPC3 NDIt 25 Z 25 
B40 os @ NU-DHL-1 Ee (=a 
ia ae a aS 1 TA <2  NU-DHL-1 NDI1 7 0 
o 0 10 20 40 100200 0 10 20 40 100200 0 1020 40100200 ££ -1.01, T 1 T T 1 T 0 10 20 30 0 10 20 30 
Phenformin (11M) Phenformin (1M) Phenformin (1M) o 10 rare usp 200 500 Time (days) Time (days) 
KMS-26 Vector KMS-26 GLUT3 
ry MOLP-8 Oo 100 250 _500 0 100 250 500 © 30 o 30 
fs Oe Ceteeeeeeeeeeeeeeieeey 1.04: Cal-62 120 3d 5d 
Vector 10 mM >5 05 0.5 Bees Ze 1004: ie Binerge see Mescsesreeee S& 20 9 & 20 
@ Vector 0.75 mM Eo ee en Oita AOE 0.0 20 56 556 
Be +o ; ou oD 10 
y GLUT3 0.75 mM eo 05 -0.5 yvNDI 60 Eo 10 28 
2 -1.0 -1.0 49 LA Vector 40 L.A Vector e 9 FO oe 
2 0 10 20 40100 200 0 10 20 40 100200 eer are ear 172345678 0 5 10 15 20 0 5 10 15 20 
Phenformin (uM) Phenformin (uM) Measurements. Measurements. Time (days) Time (days) 


Figure 4 | Cancer cells with deficiencies in glucose utilization or complex I 
are sensitive to phenformin. a, Viability of indicated lines, as measured by 
ATP levels on day 3 at phenformin concentrations indicated by black—blue 
scale, in 0.75 mM glucose, compared to ATP levels on day 0. Value of 1 indicates 
fully viable cells (untreated). Value of 0 indicates no change in ATP level 
compared to day 0 (cytostatic). Negative values indicate decrease in ATP levels 
(—1 indicates no ATP). b, Viability as in a of NCI-H2171 and NCI-H929 cell 
lines under 0.75 and 10 mM glucose. ¢, Relative increase in cell number (top) 
and viability as in a (bottom) of control (Vector) or GLUT3 overexpressing 
(GLUTS3) cell lines in 10 mM or 0.75 mM glucose at indicated phenformin 
concentrations relative to untreated cells in 10 mM glucose. d, Relative increase 
in cell number (top) and viability as in a (bottom) of vector control (black) or 
NDII (grey) expressing lines in 0.75 mM glucose at indicated phenformin 


infected with control, NDI1- or GLUT3-expressing vectors. 


means reported. *P < 0.05 by two-sided student's t-test. 
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concentrations relative to untreated cells in 0.75 mM glucose. e, Per cent of 
baseline OCR relative to second measurement of control (Vector) or NDI1- 
expressing lines (NDI1) relative to the second basal measurement at indicated 
phenformin concentrations. f, Average volume (relative to day 0) of established 
xenografted tumours derived from control (NCI-H2171, NCI-H82), mtDNA 
complex I mutant (U-937), or impaired glucose utilization (NCI-H929) cell 
lines in mice treated with vehicle (black) or phenformin (blue) in drinking 
water starting at day 0. g, Average tumour volume as in f of indicated cell lines 


Error bars are 


s.e.m. n = 5 for a, b, c (bottom), d (bottom), e, f; n = 6 (control) or n = 8 
(GLUT3 or NDI1) for g; n = 3 for c (top), d (top). Replicates are biological, 
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retrospective studies report survival benefits for cancer patients taking 
metformin’””’, although it has been unclear whether these effects of 
metformin are cancer cell-autonomous’*”””®. 

In conclusion, we find that cancer cells exhibit diverse responses to 
glucose limitation and identify defects in glucose utilization and mito- 
chondrial function as major determinants of low-glucose sensitivity 
(Extended Data Fig. 1). These biomarkers may pinpoint cancer cells 
that are likely to respond to OXPHOS inhibition alone under tumour- 
relevant glucose concentrations. Such a targeted strategy may be better 
tolerated than previously proposed approaches of combining inhibi- 
tion of OXPHOS and glycolysis***. Moreover, our findings underscore 
the importance of considering glucose concentrations when evaluating 
the sensitivity of cancer cells to biguanides or other OXPHOS inhibi- 
tors. The methods described here should be valuable for studying the 
responses of cancer cells to tumour-relevant concentrations of other 
highly consumed nutrients, such as amino acids™’, and to additional 
compounds that target metabolism. 


METHODS SUMMARY 


Glucose concentrations were maintained in Nutrostats by continuous flow of fresh 
media at defined glucose concentrations and simultaneous removal of spent media 
at a fixed rate. Competition assays were carried out at 10 or 0.75 mM glucose in 
Nutrostats using cell lines barcoded with lentivirally transduced seven-base-pair 
sequences. Nutrostats were used under similar conditions for the pooled RNAi 
screen of 2,752 metabolic genes and metabolite transporters. Barcode or shRNA 
abundances in cells were determined using deep sequencing and compared to initial 
cultures. Genome resequencing data were used to identify cancer cell lines with 
mitochondrial genome mutations and the Seahorse Extracellular Flux Analyzer 
was used to assay mitochondrial function. Defects in glucose import were iden- 
tified using expression analyses of genes encoding glucose transporters and gly- 
colytic enyzmes. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Tumour cell heterogeneity maintained by cooperating 
subclones in Wnt-driven mammary cancers 


Allison S. Cleary’, Travis L. Leonard’, Shelley A. Gest? & Edward J. Gunther’? 


Cancer genome sequencing studies indicate that a single breast can- 
cer typically harbours multiple genetically distinct subclones’ *. As 
carcinogenesis involves a breakdown in the cell-cell cooperation that 
normally maintains epithelial tissue architecture, individual subclones 
within a malignant microenvironment are commonly depicted as self- 
interested competitors”*. Alternatively, breast cancer subclones might 
interact cooperatively to gain a selective growth advantage in some 
cases. Although interclonal cooperation has been shown to drive 
tumorigenesis in fruitfly models”®*, definitive evidence for functional 
cooperation between epithelial tumour cell subclones in mammals 
is lacking. Here we use mouse models of breast cancer to show that 
interclonal cooperation can be essential for tumour maintenance. 
Aberrant expression of the secreted signalling molecule Wnt1 gen- 
erates mixed-lineage mammary tumours composed of basal and lumi- 
nal tumour cell subtypes, which purportedly derive from a bipotent 
malignant progenitor cell residing atop a tumour cell hierarchy’. 
Using somatic Hras mutations as clonal markers, we show that some 
Wnt tumours indeed conform to a hierarchical configuration, but 
that others unexpectedly harbour genetically distinct basal Hras mutant 
and luminal Hras wild-type subclones. Both subclones are required 
for efficient tumour propagation, which strictly depends on lumin- 
ally produced Wnt1. When biclonal tumours were challenged with 
Wnt withdrawal to simulate targeted therapy, analysis of tumour 
regression and relapse revealed that basal subclones recruit hetero- 
logous Wnt-producing cells to restore tumour growth. Alternatively, 
in the absence of a substitute Wnt source, the original subclones often 
evolve to rescue Wnt pathway activation and drive relapse, either by 
restoring cooperation or by switching to a defector strategy. Uncov- 
ering similar modes of interclonal cooperation in human cancers 
may inform efforts aimed at eradicating tumour cell communities. 

Cancer progression is known to depend on cooperation between 
tumour cells and neighbouring host cells in the microenvironment. Some 
have suggested that cooperation between distinct tumour cell subsets may 
also contribute to the malignant phenotype’’”’. Favouring this pos- 
sibility, genetically distinct subclones cooperatively enhanced tumour 
growth in models engineered to recapitulate a form of tumour cell het- 
erogeneity identified in brain cancers'’. Similarly, phenotypically dis- 
tinct tumour cell subsets cooperatively enhanced tumour invasion in a 
murine lung cancer model'*. In the case of human breast cancer, recent 
studies highlight the phenotypic and genetic diversity present locally 
within individual tumours'*”’, but whether this heterogeneity is a cause 
or a consequence of tumour progression remains unclear. Accordingly, 
we sought definitive evidence for functional cooperation between tumour 
cell subsets in mouse models of human breast cancer. 

Mammary cancers arising in the classic mouse mammary tumour virus 
(MMTV)-Wntl transgenic mouse model’’ display tumour cell hetero- 
geneity that is widely attributed to malignant transformation of a bipo- 
tent mammary progenitor cell”'*””. Concordantly, MMTV-Wntl tumour 
cells partition into basal and luminal subsets which comingle, recalling 
the corresponding basal and luminal lineages found in the normal 


mammary gland (Fig. 1a, b). Although mutations in Wnt pathway com- 
ponents are rare in human breast cancers, the transcriptional profile 
of Wnt1-initiated tumours resembles that of other mammary cancer 
models that commonly show mixed-lineage histopathology, including 
chemical carcinogen-induced rodent mammary cancers”*”!. 

While studying cooperating oncogenic mutations in the MMTV- 
Wntl model, we found evidence suggesting that some Wnt tumours 
harbour unexpected genetic heterogeneity. About half of all Wnt-initiated 
mammary tumours spontaneously acquire somatic Hras mutations that 
encode an activated oncoprotein’. Because Hras mutations act dom- 
inantly, Hras mutant allele fractions (MAFs) of approximately 0.5 are 
expected, barring copy number changes at the Hras locus. Instead, when 
tumour-derived Hras alleles were amplified by PCR and subjected to 
DNA sequencing, chromatogram peak heights often indicated smaller 
Hras MAFs, with fractions <0.3 detected in four out of ten tumours. 
Notably, tumours maintained their small Hras MAFs as a stable prop- 
erty when explanted onto the flanks of syngeneic host mice (Fig. 1c). 
This discrepancy could not be explained by contamination of samples 
with normal (non-tumour) cells as tumour cell content assessed by his- 
topathology consistently exceeded 80%. Moreover, copy number varia- 
tions leading to either Hras wild-type (Hras™) allele gain or Hras mutant 
(Hras™) allele loss seemed unlikely driver events. Instead, we consid- 
ered whether some Wnt tumours might harbour distinct Hras’”™’ and 
Hras™ subclones, noting that biclonal tumours would adopt a mixed- 
lineage phenotype provided each subclone were committed to a dis- 
tinct lineage. 

To search for lineage-restricted Hras™ and Hras™ subclones, dis- 
sociated cells prepared from Hras’“* Wnt tumours were sorted into 
basal and luminal subsets (Extended Data Fig. 1), then Hras MAFs were 
determined for each subset and for corresponding samples of unsorted 
cells. Half of the Hras’™“* Wnt tumours analysed (five out of ten) showed 
negligible subset-specific enrichment in Hras”™’ alleles, a pattern con- 
sistent with a hierarchical configuration (Fig. 1d, e). In these cases, basal 
and luminal cells from the same tumour always harboured identical 
Hras"" alleles (Fig. le), suggesting that they descended from a com- 
mon bipotent Hras” progenitor. By contrast, for the remaining half 
of tumours analysed, Hras’” alleles were highly enriched within the 
basal tumour cell subset, a pattern consistent with a biclonal configu- 
ration (Fig. le). Basal Hras™™ allele enrichment correlated with a lower 
overall Hras MAF, further suggesting the presence ofa private, subclone- 
restricted mutation. Regardless of whether the distribution of Hras”"“ 
alleles fits a hierarchical or biclonal pattern, tumours showed classic 
mixed-lineage histopathology (Extended Data Fig. 2), and luminal tumour 
cells were invariably the main source of Wnt1 expression as reported 
previously” (Fig. 1f). Therefore, some Wnt tumours appeared to harbour 
distinct basal Hras”“ Wnt1'®” and luminal Hras™ Wnt1"®" subclones, 
implicating interclonal cooperation in tumour maintenance. These find- 
ings recall early reports in which MMTV-associated mammary tumours 
initiated by activation of endogenous Wnt genes were sometimes noted 
to be oligoclonal’*”*. 
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Figure 1 | Evidence for distinct basal Hras™" Wnt]'™ and luminal 

Hras™ Wnt1"®" subclones within some MMTV-Wntl tumours. 

a, Immunostaining for smooth muscle actin (SMA) and keratin 8 performed 
on serial sections of a representative MMTV-Wntl mammary tumour. 

Scale bar, 50 um. b, Separation of MMTV-Wntl tumour cells into basal 
(CD49£"8" EpCAM") and luminal (CD49f'°’ EpCAM"®") cell 
subpopulations (where EpCAM denotes epithelial cell adhesion molecule) 

by flow cytometry. Percentages depict mean + s.e.m. for n = 10 tumours. 

c, DNA sequencing chromatograms depicting an Hras“4°1C°* mutation 
appearing at a fixed MAF during serial propagation of an MMTV-Wntl1 
tumour. d, Graphic depiction of the ratio of luminal to basal Hras MAFs plotted 
against the MAF for unsorted cells. Dotted line depicts the threshold at which 


Seeking stringent proof that some Wnt tumours are biclonal and 
require interclonal cooperation for maintenance, we attempted to rescue 
growth of basal Hras”™’ Wnt1'°” subclones from Wnt deprivation by 
providing access to replacement Wnt1-producing cells. For these experi- 
ments, the original MMTV-Wnt1 model (hereafter termed cWnt, denot- 
ing constitutive Wntl expression) was used in combination with a closely 
related model engineered for doxycycline (Dox)-dependent transgene 
expression (MMTV-r1tTA/Tet-O-Wntl; hereafter termed iWnt, denot- 
ing inducible Wnt1 expression). During chronic Dox treatment, iWnt 
mice and mammary tumours phenocopy their cWnt counterparts, but 
iWnt tumours regress following Dox withdrawal owing to abrogation 
of Wntl transgene expression”. To enable tracking of cell lineages in 
tumour reconstitution experiments, iWnt mice were crossed with a 
monomeric red fluorescent protein (mRFP) reporter line, generating 
iWnt/mRFP* mice. As expected, a subset of Dox-dependent iWnt/ 
mRFP* mammary tumours appeared to be biclonal, as they harboured 
a basally restricted Hras”"’ subclone. After dissociating these tumours 
into cell suspensions, 10° unsorted cells were injected orthotopically 
into the mammary fat pads of two sets of Dox-treated, mRFP-reporter- 
negative female host mice (Fig. 2a). Control hosts lacked a transgene capa- 
ble of rescuing tumour cells from Wnt withdrawal (wt/mRFP  ), whereas 
rescue hosts expressed the constitutive Wntl transgene (cWnt/mRFP _). 

During chronic Dox treatment, both control and rescue hosts devel- 
oped mammary tumours in most glands injected with iWnt/mRFP* 
tumour cells (Fig. 2b and Extended Data Table 1). As expected, these 
reconstituted tumours usually regressed when iWnt transgene expres- 
sion was switched off via Dox withdrawal. On control hosts, tumour 
regression was always complete, and mice remained relapse-free during 
6 weeks of monitoring. Interestingly, subclinical disease often persisted, 
as most control hosts subsequently relapsed after Dox retreatment (Fig. 2b). 
By contrast, on cWnt rescue hosts, most reconstituted tumours only 
partially regressed, then relapsed spontaneously (Fig. 2b and Extended 
Data Fig. 3a). On control hosts, primary tumours were reconstituted 
almost exclusively from donor mRFP* cells, and relapses triggered by 
Dox retreatment remained mRFP* as expected (Fig. 2c). By contrast, on 
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tumours show fivefold Hras’" allele enrichment in basal versus luminal cells. 


Black circles denote tumour values with >5-fold basal enrichment. e, DNA 
sequencing chromatograms depicting an Hras““*°'©“* mutation (top panels) 
and an Hras“““°!T mutation (bottom panels) detected in representative Wnt 
tumours whose basal Hras’" allele enrichment fit a hierarchical pattern or 
biclonal pattern, respectively. f, Tumour cell populations analysed by DNA 
sequencing and by quantitative reverse-transcriptase PCR (qRT-PCR) for 
Wntl expression relative to Gapdh. Histograms on the left show Hras MAFs 
determined from chromatogram peak heights. Histograms on the right show 
relative Wntl expression with values from unsorted tumour cells set at 1. 

B, basal; L, luminal; Un, unsorted. Data represent mean + s.e.m. for nm =5 
tumours of each pattern. 


rescue hosts primary tumours showed varying degrees of chimaerism 
due toincorporation of mRFP  (host-derived) luminal cells (Extended 
Data Fig. 3b), and relapses arising during Dox withdrawal always showed 
pronounced lineage-restricted chimaerism, resulting in mRFP* /basal 
and mRFP /luminal subpopulations (Fig. 2c). To confirm that donor basal 
subclones recruit host luminal epithelium to serve as a replacement Wnt1 
source at relapse, we turned to northern hybridization analysis of tumour 
RNAs. Notably, tumours reconstituted on rescue hosts typically expressed 
the larger iWnt transgene before Dox withdrawal (pertinent exceptions 
discussed in Extended Data Fig. 3), then switched to expressing the smaller 
cWnt transgene at relapse, indicating heterologous rescue (Fig. 2d). 

Furthermore, the biclonal configuration evident in parental tumours 
was maintained in all reconstituted tumours in that basal cells were 
Hras™ Wnt1'“, whereas luminal cells were Hras™ Wnt" (Extended 
Data Fig. 4). We repeated these rescue experiments twice, beginning 
each time with an independent, iWnt/mRFP tumour harbouring a dis- 
tinct, basally restricted Hras mutation. In all cases, we observed rescue 
of donor-derived basal Hras”™ Wnt1'°” tumour cells by cWnt host- 
derived luminal Hras™ Wat1"®" cells (Fig. 3a, b and Extended Data 
Fig. 5). Moreover, the Hras" allele detected in relapsed tumours was 
always identical to that detected in parental tumours, confirming that 
basal subclones found at relapse were descended from donor-derived 
tumour cells and were not novel clones. Examination of tumour sec- 
tions by fluorescence microscopy revealed pervasive intermingling of 
basal mRFP* and luminal mRFP tumour cells within chimaeric relapses, 
consistent with the prevailing notion that secreted Wnt provides a short- 
range signal to neighbouring cells (Fig. 3c). Prospective analysis of a 
larger set of independent Wnt tumours will be required to precisely 
estimate the overall fraction of Wnt tumours that is biclonally config- 
ured. Notably, we cannot yet determine clonal configurations for the 
half of Wnt tumours that lack an Hras mutation. 

Whereas biclonal iWnt/mRFP~ tumours were readily reconstituted 
from unsorted (fluorescence-activated cell sorting (FACS)-naive) cells, 
sorted basal and luminal cells each reconstituted tumours inefficiently 
when injected into mammary glands (Extended Data Fig. 6a), perhaps 
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owing in part to loss of cell viability during FACS. Notably, tumours 
that did arise after injecting a single sorted subtype were always biclonal, 
comprised of both basal Hras”™’ Wnt1'*” and luminal Hras™ Wnt1'® 
subsets (seven out of seven tumours analysed, Extended Data Fig. 6b). 
Given the imperfect separation achieved by FACS (95-98% purity), rare 
cells cross-contaminating each subset presumably sufficed to permit 
interclonal cooperation during tumour reconstitution. Consistent with 
this notion, the relative sizes of the basal and luminal cell populations 
within these tumours approximated that found in parental tumours 
and did not reflect the lineage enrichment achieved by sorting. We 
confirmed this result in an experimental context where the putative 
cooperating subclones were differentially labelled by the mRFP transgene. 
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Figure 3 | Lineage-restricted subclones recapitulate mosaiform 
heterogeneity in chimaeric cWnt/iWnt tumours. a, Schematic summarizing 
the experiment culminating in chimaeric tumour relapse. b, DNA sequence 
chromatograms depicting matching Hras°°4!*4@* mutations detected in 
unsorted and sorted populations from primary and relapsed tumours as 
indicated. c, Immunostaining of basal (SMA, top panels) and luminal (keratin 
8, bottom panels) tumour cells within a Dox-independent relapse arising on a 
cWnt host. Red fluorescence marks donor-derived iWnt/mREP™ cells 
intermingled with mRFP  host-derived cells. Scale bar, 50 um. 
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Here, tumour cells derived from chimaeric relapses generated in our 
rescue experiment were studied prospectively. Again, neither the basal 
(mREP*/Hras”’ Wnt1'™) nor the luminal (mREP” /Hras™ Wnt 1") 
subsets reconstituted tumours efficiently, whereas a 1:1 admixture of both 
sorted populations reliably reconstituted biclonal tumours (Extended 
Data Fig. 7). Notably, every tumour reconstituted in these experiments 
faithfully restored the subclonal composition of the source tumour, point- 
ing to strong selection favouring propagation of both subclones in tandem. 

iWnt tumours that regress upon Dox withdrawal frequently relapse 
weeks later as Dox-independent tumours (DITs), mirroring the clin- 
ical scenario of acquired resistance to effective targeted therapy. Next, 
we asked which subclone(s) contribute when biclonal tumours beget 
relapse. A putative biclonal iWnt tumour with an Hras MAF <0.3 was 
identified and propagated on host mice, generating a set of Dox-dependent 
tumour explants. Explants maintained the Hras MAF observed in the 
parental tumour, suggesting a stable biclonal configuration (Fig. 4a, b). 
Host mice were then subjected to Dox withdrawal and monitored until 
relapse, generating a set of 20 DITs. In accord with our previous work’’, 
18 of the 20 relapses (90%) occurred through one of two mutually exclu- 
sive modes of Wnt pathway reactivation. Seven DITs (35%) re-expressed 
the Wnt transgene, and all seven had acquired one of two rtTA muta- 
tions (G138R or H100Y) previously shown to rescue mammary tumours 
from oncogene withdrawal by enabling aberrant, Dox-independent expres- 
sion of TetO-controlled transgenes”. All seven of these tumours had an 
Hras MAF comparable to parental tumour (Fig. 4b), strongly suggest- 
ing that rtTA mutations originating within the Hras™ subclone restored 
both Wnt] expression and cooperation with Hras”™ cells, culminating 
in biclonal relapse. 

Eleven DITs (55%) instead rescued oncogenic signalling by acquir- 
ing an activating mutation in the B-catenin gene (Ctnnb1, hereafter cat), 
a key downstream Wnt effector (Fig. 4a, b). Compared with parental 
tumour, these relapses showed markedly increased Hras MAFs that 
were highly reproducible across the tumour set (Fig. 4b). Therefore, Jat 
mutations probably originated within Hras” cells that later emerged 
as predominant relapse clones. By activating the Wnt pathway in a cell- 
autonomous manner, /cat mutations presumably obviated the need to 
maintain cooperation with Wnt-producing Hras™ subclones. As such, 
Beat’ relapse clones act like ‘defectors’ in evolutionary game theory 
terms. Hras MAFs in Bat” relapses consistently exceeded 0.5, indicating 
that Peat’ clones must harbour additional Hras locus aberrations; 
however, no gross changes in Hras gene copy number were observed 
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Figure 4 | Relapse of biclonal tumours through the evolution of either 
subclone. a, DNA sequencing chromatograms depicting matching 
Hras““*1CS4 mutations detected in primary and relapsed tumours, with an 
increased MAF detected in the setting of a Scat mutation. b, Bottom, histogram 
depicting MAFs for a series of primary and relapsed tumours derived from a 
parental biclonal tumour. Top, anil: gene expression patterns for 
each tumour by northern hybridization an: nalysis. c, DNA sequencing 
chromatograms depicting matching Hras°@*!“** mutations detected in 


(Extended Data Fig. 8), implicating copy-number-neutral loss-of- 
heterozygosity events. 

To further examine the clonal configuration of relapsed tumours, an 
iWnt/mRFP* tumour previously confirmed as biclonal in our rescue 
experiments (Fig. 2) was propagated as above to derive DITs, then relapse- 
derived tumour cells were separated into basal and luminal subsets and 
analysed. One DIT that relapsed via Wnt1 transgene re-expression was 
biclonal with a luminally restricted rtTA mutation (Fig. 4c). Trophic 
support from this luminal rtTA”"“ subclone probably rescued growth 
of its basal rtTA™ counterpart, providing a plausible cellular mecha- 
nism whereby this rescue mutation was maintained at a low MAF. By 
contrast, our previous analysis indicated that fcat rescue mutations 
originate within basal tumour cells and obviate the need to cooperate 
with Wnt-producing luminal cells. Nonetheless, Scat” relapses consis- 
tently harboured abundant luminal tumour cells (Fig. 4c and Extended 
Data Fig. 9). We proposed that acquired cat mutations endow basally 
restricted subclones with novel bipotent differentiation potential, thereby 
converting them to hierarchically configured clones at relapse. Two 
Beat” DITs analysed as above showed comparable fcat”™ allele pre- 
valence in the basal and luminal subsets (Fig. 4c), consistent with a 
scenario in which fcat’"’ relapse clones acquired bipotency. (An alter- 
native scenario in which each subclone independently acquired match- 
ing Bcat mutations cannot be formally excluded, but seems less likely.) 
In our previous experiments (Fig. 2 and Extended Data Fig. 4) and in 
the rtTA” relapse profiled above, this same subclone invariably behaved 
in a unipotent manner, remaining basally restricted when partnered with 
a Wntl-expressing luminal subclone in the context of primary and 
relapsed tumours. 

Efforts to explain how some cancers stably maintain intratumoral line- 
age diversity typically invoke tumour cell hierarchies. Here we show that 
cooperation between lineage-restricted subclones provides an alterna- 
tive mechanism for maintaining tumour cell heterogeneity. In our Wnt 
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primary and relapsed tumours, with an increased MAF detected in the setting 
of a Pcat mutation. Panels on the right depict analysis of unsorted and sorted 
cells at relapse showing unipotent or bipotent mutant subclones, depending 
on the mode of Wnt pathway reactivation. d, Histogram showing Wnt1 
expression levels relative to Gapdh in unsorted and sorted tumour cells from a 
Beat” rtTA™ relapse versus a fcat™ rtTA”™ relapse with the value measured 
in unsorted cells from the latter relapse set at 1. 


models, we found evidence for both hierarchically and biclonally con- 
figured tumours, yet differently configured tumours were indistinguish- 
able by histopathology, acquired equivalent cooperating Hras”™ alleles 
(albeit with differences in tumour cell compartmentalization), and were 
comparably Wntl dependent. Thus, although distinct clonal configu- 
rations evolved, they converged towards analogous malignant pheno- 
types. These findings highlight the difficulties associated with inferring 
the clonal architecture of cancers from histopathology, even in the ‘sim- 
plified’ context of mouse models. Notably, the Wnt models described 
here provide an experimentally tractable system for exploring whether 
and how a tumour’s clonal configuration determines its clinical beha- 
viour and curability. 

Our study does not define when distinct subclones emerge in the 
course of tumour progression. Interclonal cooperation may be particu- 
larly prevalent in tumours initiated by aberrant expression of secreted 
signalling molecules, such as Wnt] and platelet-derived growth factor”. 
In principle, germline mutations that impart a cancer predisposition 
also might bias tumours towards a biclonal configuration, as any sub- 
sequent cooperation-enabling mutations would necessarily accrue in a 
cell with mutant neighbours. As such, it will be important to determine 
whether interclonal cooperation can arise when initiating events orig- 
inate in somatic cells or act primarily in a cell-intrinsic manner. If coop- 
eration emerges as a common mechanism for maintaining subclone 
diversity in malignancies, this scenario would counter a key assumption 
made when interpreting cancer genome sequences. Specifically, certain 
mutations detected at low allelic fractions and commonly assumed to 
be late events in tumour progression instead may be early events that 
enable interclonal cooperation. 


METHODS SUMMARY 


The MMTV-Wntl (FVB.Cg-Tg(Wnt1)1Hev/J; stock no. 002934) and mRFP (B6.Cg- 
Tg(CAG-mRFP1)1F1Hadj/J; stock no. 005884) transgenic lines were obtained from 
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the Jackson Laboratories. The MMTV-rtTA and tetO-Wntl transgenic lines were 
a gift from L. Chodosh. All mice either were generated in an inbred FVB/N back- 
ground or were backcrossed ten or more generations with FVB/N breeders before 
initiating experiments. To determine Hras MAFs, we measured peak height (PH) 
attributable to mutant and wild-type alleles on DNA sequencing chromatograms 
using ImageJ 1.46 software, then calculated Hras MAF values using the following 
formula: MAF = PH™"*"" / (PH™ 8" + PH™!¢-"P*), Mammary tumours were 
dissociated into single-cell suspensions and processed for immunostaining and 
FACS as previously described**. Tumour cells were re-suspended in a 50% solu- 
tion of Matrigel in PBS before mammary fat pad injection. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Treatment of BRAF( V600E) mutant melanoma by small molecule 
drugs that target the BRAF or MEK kinases can be effective, but 
resistance develops invariably’. In contrast, colon cancers that 
harbour the same BRAF(V600E) mutation are intrinsically resist- 
ant to BRAF inhibitors, due to feedback activation of the epidermal 
growth factor receptor (EGFR)**. Here we show that 6 out of 16 
melanoma tumours analysed acquired EGFR expression after the 
development of resistance to BRAF or MEK inhibitors. Using a 
chromatin-regulator-focused short hairpin RNA (shRNA) library, 
we find that suppression of sex determining region Y-box 10 (SOX10) 
in melanoma causes activation of TGF-f signalling, thus leading to 
upregulation of EGFR and platelet-derived growth factor receptor-B 
(PDGFRB), which confer resistance to BRAF and MEK inhibitors. 
Expression of EGFR in melanoma or treatment with TGF-B re- 
sults in a slow-growth phenotype with cells displaying hallmarks of 
oncogene-induced senescence. However, EGFR expression or expo- 
sure to TGF-B becomes beneficial for proliferation in the presence 
of BRAF or MEK inhibitors. In a heterogeneous population of mel- 
anoma cells having varying levels of SOX10 suppression, cells with 
low SOX10 and consequently high EGFR expression are rapidly 
enriched in the presence of drug, but this is reversed when the drug 
treatment is discontinued. We find evidence for SOX10 loss and/or 
activation of TGF-f signalling in 4 of the 6 EGFR-positive drug- 
resistant melanoma patient samples. Our findings provide a rationale 
for why some BRAF or MEK inhibitor-resistant melanoma patients 
may regain sensitivity to these drugs after a ‘drug holiday and identify 
patients with EGFR-positive melanoma as a group that may benefit 
from re-treatment after a drug holiday. 

Activating mutations in the BRAF oncogene are found in over half 
of the patients with advanced melanoma”’. Inhibition of the oncogenic 
BRAF protein with the small molecule inhibitor PLX4032 (vemurafe- 
nib) or its downstream effector MEK with GSK1120212 (trametinib) 
have shown impressive initial responses in patients with BRAF mutant 
melanoma’. However, single-agent therapies for advanced cancers 
are rarely curative, due to the rapid development of resistance. To date, 
several drug resistance mechanisms have been identified in melano- 
mas treated with vemurafenib, including increased expression of the 
gene encoding the COT kinase, mutation of downstream MEK] (also 
known as MAP2K1) kinase, NRAS mutations and amplification or 
alternative splicing of the BRAF gene’""’. Moreover, increased express- 
ion of receptor tyrosine kinases (RTKs) has been observed as a mech- 
anism of BRAF inhibitor resistance’!’. 

It has been shown recently that intrinsic resistance of BRAF mutant 
colon cancers to vemurafenib is the result of feedback activation of 


EGFR when BRAF is inhibited**. To investigate whether BRAF(V600E) 
mutant melanoma patients frequently develop resistance to BRAF or 
MEK inhibitors through acquired expression of EGFR in their tumours, 
we obtained biopsies from BRAF(V600E) mutant melanomas from 16 
patients treated with either the MEK inhibitor trametinib (m = 1) or the 
BRAF inhibitors dabrafenib (n = 3) or vemurafenib (n = 12). Tumour 
biopsies collected both before treatment initiation and after the devel- 
opment of drug resistance were stained for EGFR expression. We found 
that 6 out of 16 post-treatment biopsies gained notable EGFR expres- 
sion as judged by immunohistochemistry (Fig. 1a, band Supplementary 
Table 1). 

Melanomas are derived from the neural crest and in general do not 
express EGFR. Hence, acquired EGFR expression during drug selec- 
tion may represent a stress response that is not favoured in the absence 
of drug treatment. Indeed, the proliferation rate of A375 BRAF(V600E) 
melanoma cells* engineered to express EGFR decreased as the concen- 
tration of EGFR ligand increased (Fig. 1c). Moreover, A375 cells that 
express EGFR also proliferate slowly compared to parental control cells 
in nude mouse xenografts, but are resistant to trametinib (Fig. 1d). To 
investigate the cause of this slow-growth phenotype, we performed 
western blotting for a number of cell-cycle-associated proteins on 
parental A375 cells and EGFR-expressing derivatives. EGFR express- 
ion resulted in hypophosphorylated pRB protein, induction of the 
CDK inhibitors CDKN1A (p21?!) and CDKN1B (p27?!) and acidic 
B-galactosidase (Fig. le, f), markers that have been associated with 
oncogene-induced senescence’*’*. These markers were also induced 
upon expression of oncogenic versions of BRAF or MEK, but much less 
when activated mutants of AKT1 or PIK3CA were expressed in A375 
cells (Extended Data Fig. 1). We conclude that EGFR expression is 
disadvantageous for BRAF(V600E) melanoma cells in the absence of 
BRAF or MEK inhibitor drugs, but it confers a selective advantage in 
the presence of these drugs. 

Acquired EGFR expression may be the result of an adaptive response 
of the cancer cell population during drug selection. To ask in an unbi- 
ased way which factors might modulate EGFR expression in melanoma 
cells, we compiled a “chromatin regulator’ library of shRNAs targeting 
661 genes, including the lysine acetyltransferases (KATs), lysine methyl- 
transferases (KMTs), lysine deacetylases (KDACs), lysine demethylases 
(KDMs), chromatin remodelling complexes and proteins that harbour 
chromatin binding/associated domains (Supplementary Table 2). A375 
melanoma cells, which express very low levels of EGFR, were infected 
with the chromatin regulator library and selected with vemurafenib for 
3 weeks. Then the vemurafenib-resistant cells were collected and strongly 
EGFR-positive cells (EGER™) were isolated from the drug-resistant 
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Figure 1 | Acquired EGFR expression in BRAF(V600E) mutant melanoma 
after vemurafenib resistance. a, b, Immunohistochemical (IHC) analysis 

(a, ultraView DAB stain, brown; b, ultraView Red stain, red) showing increased 
EGER expression in formalin-fixed paraffin embedded (FFPE) (Patient 
number 1-5) and frozen (Patient number 6) melanoma tissue sections from 
BRAF(V600E) mutant melanoma patients who developed resistance to 
vemurafenib, dabrafenib or trametinib as indicated. For each patient, the first 
biopsy is from the pre-treatment tumour; the second biopsy was performed 
after the tumour had progressed under treatment. For patient number 4, the 
first biopsy was performed when the patient was in partial response, but rapidly 
developed secondary resistance. Then 4.5 months later, the second biopsy was 
taken. c, EGFR expression confers a growth disadvantage to BRAF(V600E) 
mutant melanoma cells and EGFR ligand potentiates the growth deficiency in 
vitro. A375 BRAF(V600E) melanoma cells transduced with control lentiviral 
vectors (Ctrl, pLX304-GFP) or vectors expressing EGFR (EGFR, pLX304- 
EGFR) were seeded at the same density and cultured in the presence of EGF at 
indicated concentration for 2 weeks. The cells were fixed, stained and 
photographed. d, EGFR expression confers a growth disadvantage to 
BRAF(V600E) mutant melanoma, but induces trametinib resistance in vivo. 
CD1 nude mice were inoculated with BRAF(V600E) mutant melanoma A375 
cells transduced with control retroviral vectors or vectors expressing EGFR. 
Once tumours were established, animals were treated with vehicle or 
trametinib. Relative tumour volume is shown. Error bars represent s.e.m. 
(n= 5). *P < 0.05, single-sided Wilcoxon-Mann- Whitney test. e, Western 
blot analysis of RB protein, CDK inhibitors CDKN1A (p21°?') and CDKN1B 
(p27?!) in EGER expressing A375 cells. HSP90 served as a loading control. 
f, EGFR expression induces senescence. Senescence was detected by staining of 
B-galactosidase activity. All experiments shown, except the ones that involve 
clinical samples and animals, were performed independently at least 3 times. 


population by fluorescence-activated cell sorting (FACS) using an anti- 
EGFR antibody (Fig. 2a). Treatment of cells with either the chromatin 
regulator library or vemurafenib alone did not increase the fraction of 
EGER" cells. In contrast, a significant fraction of EGFR™ cells could be 
retrieved when cells were infected with the chromatin regulator library 
and were selected for vemurafenib resistance (Fig. 2b). We conclude that 
EGFR™ melanoma cells do not merely appear as a consequence of silen- 
cing of certain chromatin regulators, but that these cells only emerge 
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Figure 2 | FACS-assisted shRNA genetic screen identifies SOX10 as a 
determinant of vemurafenib resistance and EGFR expression. a, Schematic 
outline of the of the FACS-assisted shRNA screen. Human ‘chromatin 
regulator’ shRNA library polyclonal virus was generated to infect A375 cells, 
which were then left untreated (control) or treated with 0.5 uM vemurafenib. 
After 12 days, the untreated cells were collected. The cells that survived from 
21 days of vemurafenib treatment were FACS sorted for EGFR expression. 
Subsequently, shRNA inserts from both samples were recovered by PCR and 
identified by massive parallel sequencing. b, EGFR™ cells result from the 
combination of infection with chromatin regulator library and vemurafenib 
selection. A375 cells infected with ‘chromatin regulator’ library (Chr Lib) were 
cultured in the presence of 0.5 1M vemurafenib for 21 days (right lower panel). 
Cells were harvested with 2 mM EDTA, stained with anti-EGFR antibody and 
analysed for EGFR™ cells by flow cytometry. A375 cells cultured with or 
without vemurafenib, and A375 cells infected by the “chromatin regulator’ 
library without vemurafenib treatment served as controls. c, d, Suppression of 
SOX10 induces EGFR expression. c, Western blot analysis of EGFR and SOX10 
levels in cells targeted by two independent shSOX10 vectors, HSP90 served as 
a loading control. d, The level of EGFR induction was determined by 
quantitative PCR with reverse transcription (qRT-PCR) analysis of the relative 
mRNA level of EGFR. pLKO.1 empty vector served as a control vector (Ctrl). 
Error bars represent s.d. of measurement replicates (n = 3). e, Two 
independent shRNAs targeting SOX10 confer a proliferation disadvantage in 
the absence of drug, but induce vemurafenib resistance. A375 cells expressing 
shRNAs (as shown in Fig. 2c) targeting SOX10 were seeded at the same density 
in 6-well plates and cultured in the absence (for 2 weeks) or presence of 
vemurafenib (for 4 weeks) at the indicated concentrations. The cells were fixed, 
stained and photographed. All experiments shown except shRNA screen were 
performed independently at least 3 times. 


when the population is placed under drug-selection pressure. This indi- 
cates that silencing of the gene(s) that induce EGFR expression is not 
favoured in the absence of vemurafenib. 

To identify which gene(s) in the chromatin regulator library when 
suppressed can induce EGFR expression, we isolated genomic DNA 
from the EGFR™ cells and non-drug-treated control cells and deter- 
mined the abundance of the shRNA vectors in each cell population by 
deep sequencing, as described previously’. shRNAs that confer resist- 
ance to vemurafenib through upregulation of EGFR should be enriched 
in the EGFR™ fraction. shRNA screens are notorious for yielding false 
positive results. Therefore, in principle only those genes that are repre- 
sented by multiple shRNAs should be followed up in a genetic screen”. 
However, in this screen we did not identify any genes for which more 
than one shRNA was enriched (Supplementary Table 3). We therefore 
focused on the top 10 most strongly enriched genes for follow-up 
experiments. We tested several additional shRNA vectors for each of 
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these 10 genes for their ability to increase EGFR expression, as this was 
a selection criterion in the genetic screen (Extended Data Fig. 2a, b). Only 
suppression of the SRY (sex determining region Y)-box 10 (SOX10) gene 
induced prominent EGFR expression when multiple SOX10 shRNAs 
(shSOX10) were used in four melanoma cell line models (Fig. 2c, d 
and Extended Data Figs 2c, 4c and 5c). SOX10 knockdown (SOX1 of?) 
induced a slow-growth phenotype and also displayed the hallmarks of 
oncogene-induced senescence in three melanoma models (Fig. 2e and 
Extended Data Figs 2e, f, g, 4b, e, f and 5b, e, f). 

Next we confirmed that SOX10‘” indeed induced vemurafenib resis- 
tance in melanoma. We infected A375 cells with shSOX10 and cultured 
cells in the presence of vemurafenib. SOX10*” slowed down prolifera- 
tion of A375 cells in the absence of drug, but in the presence of vemur- 
afenib SOX10*” conferred drug resistance in both short-term and long- 
term assays (Fig. 2e and Extended Data Fig. 2d, e). Moreover, under 
vemurafenib selective pressure, cells having a higher degree of SOX10*” 
were selected, which consequently also expressed higher levels of EGFR, 
consistent with the notion that increased EGFR levels drive drug res- 
istance (Extended Data Fig. 2h). Vemurafenib resistance through SOX10 
suppression was also seen in additional melanoma cell lines (Extended 
Data Figs 4a and 5a). A low concentration of vemurafenib actually in- 
creased the proliferation rate of SOX10*” cells, consistent with the model 
that hyperactive BRAF—MEK signalling induces senescence markers, a 
process which is inhibited by vemurafenib (Extended Data Fig. 4a, g). 

To study how SOX10 suppression induces EGFR expression, we per- 
formed transcriptome sequencing (RNA-seq) of both parental A375 
and A375 SOX10*” cells (Supplementary Table 4). Gene set enrichment 
analysis of the SOX10-upregulated genes revealed an enrichment of 
genes with SMAD2/3 (downstream mediators of TGF-B signalling) 
and JUN binding sites in their promoters (Supplementary Table 5). 
Consistent with this, SOX10 suppression induced TGF-B receptor 2 
(TGFBR2) expression as well as a number of bona fide TGF-f target 
genes, including JUN, in three melanoma cell models (Fig. 3a, b and 
Extended Data Figs 4d and 5d). Levels of active JUN (phosphorylated 
JUN, p-JUN) were also increased by SOX1 ox? (Fig. 3a). That treatment 
of melanoma cells with recombinant TGF-f causes resistance to vemur- 
afenib further supports a role for TGF-B signalling in vemurafenib 
resistance (Fig. 3c and ref. 18). TGF-B1 treatment caused not only induc- 
tion of EGFR expression, but also induction of PDGFRB (Fig. 3d, e) 
and also resulted in induction of senescence-associated B-galactosidase 
(Fig. 3f). Consistently, SOX10 suppression also induced PDGFRB ex- 
pression (Extended Data Figs 3c, 4c and 5c). Moreover, suppression 
of TGFBR2 inhibited EGFR and PDGFRB induction in SOX10"” cells 
(Figs 3g, h), whereas ectopic expression of TGFBR2 induced p-JUN, 
EGFR and PDGFRB expression (Fig. 3i). JUN is a regulator of EGFR 
expression and TGF- regulates PDGFRB’’*". Moreover, SMADs and 
JUN cooperate in activation of EGFR expression’*”*. SOX10 is known 
to regulate the melanocyte transcription factor MITF**. Indeed, A375 
cells with shSOX10 also had reduced MITF expression, but MITF sup- 
pression alone did not change EGFR or PDGFRB expression and did 
not cause vemurafenib resistance (Extended Data Fig. 7c-e). Our data 
provide support for a model in which activation of TGF-B signalling 
by SOX10 loss leads to increased EGFR and PDGFRB expression and 
vemurafenib resistance. 

Treatment of A375-SOX10*” cells with a combination of both 
vemurafenib and the EGFR inhibitor gefitinib did not lead to prolif- 
eration arrest, indicating that EGFR was not the sole driver of drug 
resistance in SOX10*” cells (Extended Data Fig. 3a). Indeed, an unbi- 
ased survey of RTKs revealed that SOX1 08 activated not only EGFR, 
but also PDGFRB and ERBB3 (Extended Data Fig. 3b, c). A similar 
pattern of RTK activation was observed following TGF-B1 treatment, 
highlighting the similarity between SOX10 suppression and acquired 
TGF-B signalling (Extended Data Fig. 3b, d). Many RTKs share two 
major downstream signalling pathways (RAS-MEK-ERK and PI3K- 
AKT). Consistent with this, we found that combined inhibition of 
these two downstream pathways using BRAF and PI3K inhibitors 
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Figure 3 | Activation of TGF-f signalling leads to increased EGFR and 
PDGERB expression. a, Suppression of SOX10 activates TGFBR and JUN 
signalling. Two independent shRNAs targeting SOX10 were individually 
introduced into A375 cells by lentiviral transduction. The levels of TGFBR2, 
p-JUN and JUN were determined by western blot analysis. HSP90 served as a 
loading control. b, SOX10 loss leads to upregulation of TGF-f receptors and its 
bona fide target genes. Relative mRNA level of ANGPTL4, TAGLN, CYR61, 
CTGE, TGFBR3, TGFBR2 and JUN were determined by transcriptome 
sequencing. pLKO.1 empty vector served as a control vector (Ctrl). c, TGF-B 
activation confers a growth disadvantage but vemurafenib resistance. A375 
cells were seeded at the same density in 6-well plates and cultured in the absence 
or presence of recombinant TGF-f or vemurafenib at the indicated 
concentrations. The cells were fixed, stained and photographed. 

d, e, Recombinant TGF-1 treatment activates JUN and upregulates EGFR and 
PDGERf expression. A375 cells were cultured in the absence or presence of 
200 pg ml * recombinant TGF-f1 for 7 days before harvested for western blot 
or qRT-PCR analysis. Error bars represent s.d. of measurement replicates 

(n = 3). f, Recombinant TGF-f1 treatment induces senescence. A375 cells were 
cultured in the presence of 200 pg ml _' recombinant TGF-f for 14 days. 
Senescence was detected by staining of B-galactosidase activity. g, h, SOX10 loss 
induced EGFR and PDGFR§ upregulation is TGFBR2-dependent. A375 cells 
were infected with lentiviral shRNA vectors as indicated. Relative mRNA levels 
of EGFR and PDGFRB were determined by qRT-PCR analysis; EGFR, 
PDGERf, TGFBR2 and SOX10 levels were determined by western blot analysis. 
Error bars represent s.d. of replicate measurements (n = 3). i, TGFBR2 
overexpression is sufficient to upregulate EGFR and PDGFRB. TGFBR2 was 
introduced to A375 cells by lentiviral transduction (TGFBR2, pLX304- 
TGFBR2). pLX304-GFP served as a control vector (Ctrl). The levels of EGFR, 
PDGER, TGFBR2, p-JUN and JUN were determined by western blot analysis. 
All experiments shown except RNA-seq were performed independently at 
least 3 times. 


could restore growth inhibition in SOX10*” cells (Extended Data Fig. 
3a). 

Our data are consistent with a model in which cells with low SOX10 
and high EGFR and PDGFRB expression are positively selected in the 
presence of drug, but that such cells are counter-selected in the absence 
of drug. To test this model directly, we infected A375 cells with shSOX10 
and subjected this heterogeneous population of SOX10*" cells to vemu- 
rafenib selection for one week. At this point, we collected part of this 
population and determined EGFR expression by FACS analysis. Under 
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vemurafenib selection, an increased level of EGFR and a markedly 
decreased level of SOX10 were observed. When these cells were subse- 
quently cultured for one more week in the absence of vemurafenib, the 
EGFR"™SOX10'° population was depleted (Fig. 4a and Extended Data 
Fig. 6a). These data indicate that acquired EGFR expression is only 
advantageous to melanoma cells in the presence of drug selection, but 
is counter-selected in the absence of drug. 

Consistent with a role for SOX10 in regulation of EGFR expression 
in melanoma, we found an inverse correlation between SOX10 and 
EGFR expression in a panel of 34 melanoma cell lines”* (Fig. 4b) and a 
similar inverse relationship between SOX10 and PDGFRB (Extended 
Data Fig. 6b). The most extreme cell line in this panel, LOXIMVI, com- 
pletely lacked SOX10 expression and had the highest EGFR expression. 
When we expressed SOX10 in this cell line, EGFR and PDGFRB were 
reduced and TGFBR2 and TGFBR3 as well as JUN and p-JUN levels 
were also downregulated, consistent with the notion that SOX10 reg- 
ulates these RTKs through an effect on TGF-f signalling (Extended 
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Data Fig. 6c, d). Consistently, expression of SOX10 in LOXIMVI cells 
increased their sensitivity to vemurafenib (Extended Data Fig. 6e). 
To ask directly whether SOX10 is involved in EGFR-associated drug 
resistance in BRAF(V600E) melanoma patients, we isolated RNA from 
the six patients studied above who had gained EGFR expression after 
acquisition of trametinib, dabrafenib or vemurafenib resistance (Sup- 
plementary Table 1). We performed RNA-seq analysis to determine 
changes in transcriptome upon drug resistance. In two patients, the 
levels of SOX10 mRNA were reduced (Fig. 4c and Extended Data 
Fig. 6f). EGFR and PDGFRB mRNA were greatly increased in patient 
5, whereas no evidence was found in this patient of alternative BRAF 
splicing’ or BRAF overexpression (Extended Data Fig. 7a, b). Patient 3 
had strong induction of EGFR protein post-resistance (Fig. 1a), but at 
first glance, EGFR mRNA levels appeared only minimally induced. 
However, scrutiny of the RNA-seq data revealed that the apparent lack 
of induction of EGFR in this tumour sample pair is caused by the 
abnormally high EGFR transcript abundance in the pre-treatment 
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a Ctrl shSOX10 b 7 Z Soe 
shSOX10-1 I and receptor tyrosine kinase expression in 
cell population : 5 melanoma. a. Intermittent drug dosing alters 
a 1 3 @ 124 relative proportions of EGFR™ and EGFR” cell 
t : 2 pee populations. A375 cells were infected with 
a i a a 6 104 Fe e ua shSOX10-1 to generate a polyclonal cell population 
+ Vernurafenib ! : a 2 ‘ H “te of SOX10* cells. The infected cells were seeded in 
—— H @ aS ‘ll ° = 6-well plates, samples collected and stained with 
i l 7\% © 2 64 antibody against EGFR for flow cytometry analysis 
J ' = 5 5 at day 0, day 7 and day 14 (0.5 uM vemurafenib 
: J ee t oe Sa . treatment started on day 0 and stopped on day 7). 
~ Vernurafenib € pLKO.1 (Ctrl) vector served as a control. b, Inverse 
e 2 1 1 correlation between SOX10 and EGER ina panel of 
qa : 4 6 8 human BRAF mutant melanoma cell lines. Relative 
A375 I Relative gene expression level of gene expression levels of SOX10 and EGFR were 


w 10 14 


EGFR 


Paired tumour biopsies 


c Paired tumour biopsies Paired tumour biopsies 
\ & Patient no. 5 Patient no. 2 
74 Ta 74 
D 6] =Pre-treatment 3 64 i) ™Pre-treatment > 61 
3 _ 3 @ Post-vemurafenib ro 
<x 57 = Post-trametinib a 54 x 
Zz 2 zZ 
=| dl € 
£2) = *) g 
®B od ® oJ & 
2° a 2 
Se COP eee | 
ERCkASSES eR SkeSSSS fe 
SsSPeSEE> SSSERESSSE? LS 
RO n RO 
ao 98 R998 . 
RTK-1 RTK-1 


Drug response 


Drug resistance development 


Drug resistant 


Senescence 


©2014 Macmillan Publishers Limited. All rights reserved 


Proliferation 


ee 


Drug holiday R 


Patient no. 6 


™ Pre-treatment 


™ Post-vemurafenib 


Drug response 


e-treat after drug holiday 


acquired from the Cancer Cell Line Encyclopedia 
(CCLE). R stands for Pearson product-moment 
correlation coefficient. c, Differential gene 
expression of SOX10, EGFR, PDGFRB, TGF-B 
receptors and TGF-f target genes in pre- and post- 
treatment patient tumour biopsies. Total RNA was 
isolated from FFPE specimens derived from 
tumour biopsies of patient 5, 2 and 6 both before 
and after development of drug resistance. After 
reverse transcription, gene expression levels were 
determined by transcriptome sequencing (patient 5 
and patient 2) qRT-PCR analysis (patient 6). Error 
bars represent s.d. of measurement replicates 

(n = 3). d, Model for senescence induction after 
development of vemurafenib resistance. 
Upregulation of RTKs leads to enhanced signalling 
through the RAS-BRAF—MEK pathway. 
Consequently, vemurafenib is no longer able to 
fully silence the signalling to MEK and drug 
resistance is seen. When the drug is removed, 
supra-physiological levels of BRAF-MEK 
signalling induced a state of oncogene-induced 
senescence, which subsequently leads to negative 
selection of the RTKs and restores drug 
responsiveness. All experiments shown, except the 
ones that involve clinical samples, were performed 
independently at least 3 times. 
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sample and not the lack of EGFR expression in the post-treatment 
sample (Extended Data Fig. 6g). This is most probably owing to the 
contamination of this sample with the strongly EGFR-positive skin 
material (see Fig. 1a). These tumours also manifested increased TGF-B 
signalling (Fig. 4c and Extended Data Fig. 6h). Two further pairs of 
tumour samples showed induction of EGFR and PDGFRB without 
notable loss of SOX10 after drug resistance emerged. These tumours 
displayed induction of TGF-B receptor expression and induction of a 
number of bona fide TGF-B targets, indicating that these tumours 
somehow had acquired TGF-f signalling (and subsequent induction 
of EGFR and PDGFRB expression) in a SOX10-independent fashion 
(Fig. 4c). 

Clinical evidence indicates that melanoma patients that have devel- 
oped vemurafenib resistance can regain sensitivity to the drug after a 
drug holiday, suggesting a reversible and adaptive transcriptional res- 
ponse to the drug”’. That drug resistance is reversed in the absence 
of drug indicates that this adaptive response is not favoured in the 
absence of drug. Our data provide a molecular underpinning for the 
concept that drug resistance may arise at a fitness cost in the absence of 
drug (Fig. 4d). Melanoma patients whose tumours acquire EGFR 
expression as a result of drug resistance development may be candi- 
dates to be re-treated with drug after a drug holiday. 


METHODS SUMMARY 

Pooled shRNA Screen. A ‘chromatin regulator’ shRNA library targeting 661 
genes was constructed from the TRC human genome-wide shRNA collection 
(TRC-Hs1.0). Lentiviral shRNA vectors generated from the pooled library were 
used to infect A375 cells. Cells stably expressing shRNA were selected by vemur- 
afenib and then FACS sorted for EGFR expression. Massive parallel sequencing 
was used to determine the enriched shRNA in the selected cell population. 
Melanoma patient tumour samples. Permission was granted by the NKI and 
IGR ethical committee to take biopsies from BRAF(V600E) mutant patients before 
and after vemurafenib, dabrafenib or trametinib treatment. All patients consented 
to participate in the study. BRAF(V600E) mutation status was determined by 
Departments of Pathology at NKI and IGR. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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The impact of nutritional status during fetal life on the overall health 
of adults has been recognized’; however, dietary effects on the devel- 
oping immune system are largely unknown. Development of second- 
ary lymphoid organs occurs during embryogenesis and is considered 
to be developmentally programmed”’. Secondary lymphoid organ 
formation depends on a subset of type 3 innate lymphoid cells (ILC3) 
named lymphoid tissue inducer (LTi) cells*>. Here we show that mouse 
fetal ILC3s are controlled by cell-autonomous retinoic acid (RA) sig- 
nalling in utero, which pre-sets the immune fitness in adulthood. 
We found that embryonic lymphoid organs contain ILC progenitors 
that differentiate locally into mature LTi cells. Local LTi cell differ- 
entiation was controlled by maternal retinoid intake and fetal RA 
signalling acting in a haematopoietic cell-autonomous manner. RA 
controlled LTi cell maturation upstream of the transcription factor 
RORyt. Accordingly, enforced expression of Rorgt restored matu- 
ration of LTi cells with impaired RA signalling, whereas RA recep- 
tors directly regulated the Rorgt locus. Finally, we established that 
maternal levels of dietary retinoids control the size of secondary lym- 
phoid organs and the efficiency of immune responses in the adult 
offspring. Our results reveal a molecular link between maternal 
nutrients and the formation of immune structures required for resis- 
tance to infection in the offspring. 

Haematopoietic cells that initially colonize secondary lymphoid organ 
(SLO) sites include CD3~ c-KitTIL-7Ra 0#487* CD11c* CD47 lym- 
phoid tissue initiator (LTin) cells and the prototypical member of type 
3 ILCs, LTi cells*”. Although most LTi cells express CD4, this is a late 
event in LTi differentiation and not all RORyt* LTi cells express this 
marker**°, Thus, we proposed that CD3~ IL-7Ra* «4877 ID2*c-Kit* 
CD1lc CD4™ ILCs (hereafter called ILCyneg cells) receive local cues 
giving rise to ID2* RORyt* CD4* LTi cells (LTi,) within developing 
SLOs. Notably, enteric ILC4neg cells include mainly ID2 *RORyt* CD4— 
LTi cells (LTig) but also a small fraction of ID2*RORyt’ CD47 pre- 
cursors with LTi cell potential (hereafter called pre-ILC cells)’. In con- 
trast, nearly 100% of lymph node ILCaneg cells are LTig cells (Extended 
Data Fig. 1a, b). Analysis of embryonic day 12.5 (E12.5) guts revealed 
that ILCyneg cells are the only appreciable IL-7Ra* colonizing cells 
(Fig. 1a, b). Accordingly, non-cycling mature Scal~ LTi, cells increased 
throughout development, seemingly at the expense of Scal* TLCaneg 
cells (Fig. la~c and Extended Data Fig, 1c). Further evidence that ILCuneg 
cells differentiate locally was provided by organ cultures and trans- 
plantation of E12.5 intestines. Despite absence of fetal liver output in 
these settings, LTi, cells increased with time at the expense of local 
ILC4neg cells (Fig. 1d, e). Furthermore, in E14.5 Rorgt ‘~ embryos, 
ILC4neg cells were attracted to the intestine and lymph nodes, support- 
ing initial anlagen colonization by these cells (Extended Data Fig. 1d, e). 


Notably, RA stimulation of E13.5 lymph node cells showed increased 
frequency of LTi, cells and reduction of ILC4neg cells, indicating that 
differentiation of LTi, cells is regulated by RA (Fig. 1f). To confirm the 
effect of RA in LTi differentiation in vivo, pregnant mice received a RA- 
enriched diet starting at E10.5. Supplementation of RA increased the 
proportion of LTi, cells in the embryo, to the detriment of ILC4neg cells 
(Fig. 1f). In agreement with this finding, provision of the RA signalling 
inhibitor BMS493 to pregnant female mice resulted in a decrease of 
fetal LTi, cells despite normal frequency of fetal liver progenitors and 
enteric haematopoietic cells (Fig. 1f and Extended Data Fig. 1f). Con- 
sequently, despite normal embryo size, BMS493 administration led toa 
reduction in lymph node dimensions and Peyer’s patch developmental 
failure (Fig. 1g-i and Extended Data Fig. 1g). Collectively, our data indi- 
cate that maternal retinoids control LTi cell differentiation within devel- 
oping SLOs. 

RA is a vitamin A metabolite that controls early vertebrate develop- 
ment, some immune processes in adulthood, and has been shown to 
mediate CXCL13 expression in fetal mesenchymal cells'®'®. RA binds 
to heterodimers formed by the RA receptors (RARs) and retinoid X 
receptors (RXRs), which bind DNA RA response elements (RAREs)"’. 
To address putative RA cell-autonomous responses, we assessed RAR 
and RXR expression in E15.5 ILC4neg, LTi, and LTin cells. RARs and 
RXRs were predominantly expressed by ILCyneg and LTiy cells, whereas 
LTin cells expressed these molecules at lower levels (Fig. 2a). RA stimu- 
lation revealed that only ILCyyeg and LTi, cells respond robustly, as 
shown by Rarb upregulation (Fig. 2b)'*. Together, these data indicate 
that impaired SLO development in BMS493-treated mice might be the 
consequence of RA signal ablation in LTi cells. To test this hypothesis 
we used a lineage-targeted model to block RA signalling. We used a 
mouse line in which a truncated form of the RAR gene was knocked 
into the ROSA26 locus preceded by a triple polyadenylation signal 
flanked by two loxP sites (ROSA26-RAR«403). This line was bred to 
Vav-iCre mice that in contrast to other tested Cre lines ensured Cre 
activity in fetal LTin, ILCyneg and LTiy cells (Extended Data Fig. 2a—d)'”*. 
Despite normal frequencies of fetal liver precursors, and SLO LTin, 
TLCgneg and LTig cells, Vav-iCre/ROSA26-RAR&403 embryos (Rar mice) 
revealed a dose-dependent reduction of LTi, cells (Fig. 2c, dand Extended 
Data Fig. 3a-f). To assess whether the differentiation potential of ILC4neg 
cells is controlled by RA thresholds, we cultured purified ILCaneg cells 
from Rar heterozygous (Rar''*'), homozygous (Rar'°™) and wild-type 
littermate control mice. Whereas wild-type ILC4neg cells upregulated 
pro-inflammatory cytokines and chemokines and gave rise to LTi, cells 
in vitro, these were impaired proportionally to the degree of RA signal- 
ling abrogation in ILC4neg cells (Fig. 2e, f and Extended Data Fig. 3g). 
Finally, despite normal frequency of colonizing ILCineg cells (Fig. 2d), 
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Figure 1 | Maternal RA controls LTi differentiation. a, Enteric fetal ILCineg 
and LTi, cells. b, Percentage of enteric fetal ILCy,eg and LTiy cells. E12.5, n = 8; 
E13.5, n = 3; E14.5, n = 6; E15.5, n = 3. ¢, Left: Scal-GFP lymph nodes. 
Right: E15.5 gut cells. d, e, Cultured or transplanted E12.5 guts. d, Day 0, n = 4; 
day 1, n = 6; day 2,n = 6.e, Day 0, n = 7; day 1, n = 3; day 2,n = 5. f, Left: E13.5 
lymph node cells; n = 7. Centre: RA was provided to females. E13.5 lymph 
node cells; n = 8. Right: females received BMS493; n = 8. LTig/ILCaneg cell ratio 


is shown. g-i, hCD2-GFP females received BMS493. E17.5 SLOs. g, Brachial 
(Bra) and inguinal (Ing) lymph nodes; n = 6. h, Arrowheads indicate Peyer’s 
patch. i, Peyer’s patch number per intestine: DMSO, n = 8; BMS, n = 22. 
Area: DMSO, n = 30; BMS, n = 25. Scale bars: 50 um (c), 200 um (g, h right), 
1mm (h, left). Error bars show s.e. *P < 0.05; **P < 0.01; ***P < 0.001. 

NS, not significant. 
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Figure 2 | Cell-autonomous RA controls LTi cells and SLO development. 
a, RT-PCR of enteric cells. Data represent three independent experiments. 

b, DMSO, BMS493 or RA stimulation. Data represent three independent 
experiments. c, E15.5 enteric ILC subsets. d, LTin, n = 4; [LCaneg, n = 5; 
LTig, 1 = 5. €, E15.5 ILCyneg cells cultured for 6 days. f, [LC4neg cell cultures at 
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day 6; n = 5. g, Immunostaining of E15.5 embryos and intestines. Developing 
brachial (Bra) and inguinal (Ing) lymph nodes and Peyer’s patch are shown. 
CD4, red; VCAM1, grey. Scale bars: 200 um. h, SLO size; n = 6. Error bars 
show s.e. *P < 0.05; **P < 0.01; ***P < 0.001. NS, not significant. 

ND, not detected. 
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haematopoietic cell-autonomous impairment of RA responses resulted 
in severely diminished fetal lymph node size and reduced number of 
minute Peyer’s patches (Fig. 2g, h and Extended Data Fig. 3h). Our data 
indicate that LTi cell differentiation is controlled by cell-autonomous 
RA signalling in developing SLOs. 

Previous reports have identified key LTi cell regulators”. Mice mutant 
for the transcription factors ID2 and ROR}t lack LTi cells and do not 
develop SLOs'’®”°. Runx1, Tox and Notch1 were also implicated in LTi 
cell maturation®*!"*’. We found that whereas most LTi-related genes 
were normally expressed in Rar™°™ and Rar™* TLC4neg and LTi, cells, 
Runx1 was increased and Rorgt was reduced (Fig. 3a and Extended Data 
Fig. 4a—d). Expression of pro-inflammatory genes was also reduced in 
Rar'!°™ and Rar'!* TLC neg and LTi, cells (Fig. 3a and Extended Data 
Fig. 4b-d). The marked reduction of Rorgt expression suggested that 
RA could provide ILC4neg cells with signals leading to Rorgt regulation. 
Accordingly, RA stimulation of ILC4neg cells resulted in Rorgt upre- 
gulation whereas most other transcription factors were unperturbed, 
notably Runx1 (Fig. 3b). In agreement, BMS493 inhibited RA-induced 
Rorgt expression, and efficient block of RORyt by digoxin prevented 
RA-induced differentiation of ILC4neg cells into LTiy cells, while cell 
viability was unaffected (Fig. 3c and Extended Data Fig. 5a—c). To test 
further whether RA-induced LTi maturation requires RORYt, we deter- 
mined if differentiation of RAR dominant-negative ILC4neg cells is 
restored by enforced Rorgt expression. Retroviral transduction of Rorgt 
revealed that RAR dominant-negative ILCaneg cells restored high levels 
of pro-inflammatory genes and reacquired their potential to differen- 
tiate towards LTiy cells (Fig. 3d—f). Further evidence that RA can directly 
regulate Rorgt expression was provided by computational analysis of 
potential RARE sites and chromatin immunoprecipitation (ChIP) with 
pan-RAR and RXR antibodies. RA stimulation resulted in increased 
binding of RAR and RXR upstream and within the Rorgt locus (Fig. 3g, h 
and Extended Data Table 1). To analyse the role of these sites we intro- 
duced the RARE C (—5,478 Rorg transcription start site (TSS)), E 
(—1,800 Rorg TSS) and G (—1,619 Rorgt TSS) half-sites in a luciferase 
reporter vector. Mutations in these sites resulted in significant reduc- 
tion of the regulatory function of these elements as measured by lucif- 
erase activity (Fig. 3i). Thus, cell-autonomous RA signalling provides 
LTicells with critical differentiation signals via direct regulation of Rorgt. 
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Our data indicate that mature LTi cell numbers regulate the size of 
SLO ) primordia and may determine lymphoid organ size in adulthood”. 
Rar’ adult mice had reduced SLOs and lymphocyte numbers when 
compared to their wild-type littermate controls (Fig. 4a, b and Extended 
Data Fig. 6a, b). In agreement, mice that received a vitamin-A-deficient 
(VAD) diet throughout life had reduced lymphoid organ size when com- 
pared to vitamin-A-control mice (VAC) (Fig. 4c). However, because 
Rar'*tand VAD lymphocytes are continuously exposed to altered levels 
of RA signals, it is possible that SLO size might be a consequence of 
altered lymphocyte pools’*-’. To clarify this issue, we provided preg- 
nant mice with a vitamin-A-high (VAH), VAD or VAC diet and switched 
all diets to the same VAC diet after birth. At 10 weeks of age mice that 
were exposed to a VAH diet exclusively in utero had larger SLOs, whereas 
mice exposed to a VAD diet had small SLOs when compared to VAC 
control mice (Fig. 4d). Notably, provision of variable vitamin A diet levels 
exclusively after birth no longer controlled SLO size (Extended Data 
Fig. 6c, d). Additional evidence that RA determines SLO size in early 
life was provided by transplantation of CD45.1 wild-type bone marrow 
into lethally irradiated Rar''“* (WT—> Rar’) or wild-type (WT—>WT) 
CD45.2 littermate control hosts at 2 weeks of age (Fig. 4e). Thus, we 
generated mice that pre- and perinatally received low input of RA sig- 
nals in haematopoietic cells, but that on transplantation harbour a normal 
wild-type haematopoietic system. WT—>Rar' mice, which received 
low RA cues in utero, exhibited small SLOs when compared to their 
WT-WT counterparts at 8 weeks after transplantation (Fig. 4f, g and 
Extended Data Fig. 6e, f). This phenotype also revealed reduced lym- 
phocyte numbers, albeit normal SLO organization and similar haema- 
topoietic cell reconstitution (Fig. 4h and Extended Data Figs 6f and 7a—d). 
In agreement, dendritic cells from WT Rar or WT>WT chimaeras 
had similar capacity to activate lymphocytes (Extended Data Fig. 7e, f). 

Our data indicate that available RA in utero regulates the size of lym- 
phocyte pools in the offspring, with possible consequences on their adap- 
tive immune responses. To test this hypothesis, WT Rar or WI>WT 
chimaeras were infected intranasally with murid herpesvirus-4, result- 
ing in acute lung infection. Analysis of draining intrathoracic lymph 
nodes revealed reduced expansion but normal frequency of CD8* T 
cells specific for the viral epitopes ORF61 and ORF75c in WT—>Rar'* 
mice (Fig. 4i and Extended Data Fig. 8a—c). Consequently, whereas 
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Figure 3 | RA controls LTi cells via RORyt. a, E15.5 TLC4neg cells. Data 
represent three experiments. b, E15.5 ILC4neg cells stimulated with RA. Data 
represent three experiments. c, E13.5 lymph node cells stimulated with RA 
and digoxin (DIG); n = 16. d-f, ILCyneg cells transduced with pMig. 
Rorgt-IRES-GFP virus (day 6). d, Data represent three experiments. 


e, Cytometry analysis. f, Emergent LTiy cells. Wild type (WT), n = 5; Rartio™, 
n= 3. g, RARE sites. h, E15.5 ILCyneg cells stimulated with RA. ChIP analysis 
of five biological replicates. i, Luciferase activity of RARE wild-type and 
mutated sites. C, n = 6; E, n = 9; G, n = 6. Error bars show s.e. *P < 0.05; 
**P < 0.01; ***P < 0.001. NS, not significant. ND, not detected. 
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Figure 4 | Retinoid levels in utero determine the offspring resistance to 
infection. a, Adult axillary (Axi), brachial (Bra) and inguinal (Ing) peripheral 
lymph nodes (PLN). 1 = 6.b, Peyer’s patch area and follicle number per Peyer’s 
patch. Wild type (WT), n = 26; Rar!!*, 1 = 23. c, Females received diets that 
were maintained in the offspring. VAC, n = 10; VAH, n = 8; VAD, n = 18. 
d, Females received variable diets. Their offspring received VAC diet. Lymph 
node: VAC, n = 18; VAH, n = 24; VAD, n = 25. Peyer’s patch: VAC, n = 20; 
VAH, n = 40; VAD, n = 63. e, Transplantation scheme. f, Chimaeric lymph 


WT WT chimaeras efficiently cleared lytic virus by day 10, high viral 
titres were still detected in WT—>Rar' chimaeras 14 days after infec- 
tion (Fig. 4j)”°. Thus, a deficit of RA signals within haematopoietic cells 
in early life results in small SLOs and poor capacity to control infection. 

Defining the requirements that control SLO development is essen- 
tial to understand how immunity may be regulated. We now show that 
RA controls LTi cells, regulating LTi pro-inflammatory genes and the 
frequency of LTi, cells (Extended Data Fig. 9). RA operates in a cell- 
autonomous fashion, via RORyt, although additional factors regulate 
Rorgt in ILC3s. 

SLO development has been considered to be developmentally pro- 
grammed; we now show that formation of these structures can be also 
controlled by dietary signals. Thus, in addition to the established impact 
of dietary plant-derived chemicals in postnatal immune cells, our work 
reveals dietary retinoids as key regulators of pre-natal ILCs with a lifelong 
impact on adult lymphoid organ size’. It was previously shown that 
complete absence of lymphoid organs leads to long-life virus persistence”. 
Our data reveal that the efficiency of adaptive immune responses to 
infection and possibly to other immune insults may be pre-tuned in 
early life through dietary signals from maternal origin. 

We report here that cell-autonomous RA signalling is a key axis for 
Rorgt expression and LTi cell differentiation within developing SLOs. 
Similarly, RA may also be important after birth in infection and chronic 
inflammatory diseases*’. Lineage-targeted strategies will be central to 
elucidate the contribution of dietary retinoids in these outcomes. 
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nodes. Scale bar: 1 mm. g, Dimensions of chimaeric lymph nodes. n = 6. 

h, Chimaeric lymph node structure. Scale bar: 200 um. i, Chimaeras infected 
with murid herpesvirus-4. Tetramer positive CD8 T cells in intrathoracic 
lymph nodes. j, Virus titres (plaque-forming units (p-f.u.) per lung). 7 days post 
infection (d.p.i.): WI-WT, n = 3; WT- >Rar'! | n = 3.10 d.p.i: WI>WT, 
n= 4; WT>Rar' n = 3.14 d.p.i: WI>WT, n = 8; WT: >Rart y= 5, 
Dashed line indicates the detection limit. Error bars show s.e. *P < 0.05; 
**P < 0.01; ***P < 0.001. NS, not significant. 


METHODS SUMMARY 


Mice were maintained at Instituto de Medicina Molecular (IMM) or VU Univer- 
sity Medical Centre according to national and international guidelines. Bone marrow 
cells were isolated from 8-week-old C57BL/6 CD45.1 mice and injected intravenously 
into 2-week-old lethally irradiated CD45.2 ROSA26-RAR@4032* (WT Rar®*) 
or wild-type littermate controls (WT—>WT). C57BL/6 female mice received either 
vitamin-A-deficient (VAD), with no vitamin A (vitamin free casein), vitamin-A- 
high (VAH, 25,000 IU kg") or vitamin-A-control (VAC, 4,000 IU kg” ') diets. Reti- 
noic acid was provided to pregnant mice from E10.5 until they were euthanized. 
Quantitative real-time PCR with reverse transcription (RT-PCR) was performed 
as previously described*”'’. Computational analysis was performed with TESS. 
DNA-protein complexes were immunoprecipitated using antibodies against mouse 
pan-RAR, pan-RXR or control IgG. 

Online Content Any additional Methods, Extended Data display items and Source 


Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Mitoflash frequency in early adulthood predicts 
lifespan in Caenorhabditis elegans 


En-Zhi Shen'?*, Chun-Qing Song'**, Yuan Lin**, Wen-Hong Zhang’, Pei-Fang Su*, Wen-Yuan Liu’, Pan Zhang”, Jiejia Xu’, 
Na Lin’, Cheng Zhan’, Xianhua Wang”, Yu Shyr®, Heping Cheng? & Meng-Qiu Dong? 


It has been theorized for decades that mitochondria act as the bio- 
logical clock of ageing’, but the evidence is incomplete. Here we 
show a strong coupling between mitochondrial function and age- 
ing by in vivo visualization of the mitochondrial flash (mitoflash), 
a frequency-coded optical readout reflecting free-radical produc- 
tion and energy metabolism at the single-mitochondrion level”. 
Mitoflash activity in Caenorhabditis elegans pharyngeal muscles 
peaked on adult day 3 during active reproduction and on day 9 when 
animals started to die off. A plethora of genetic mutations and envi- 
ronmental factors inversely modified the lifespan and the day-3 mito- 
flash frequency. Even within an isogenic population, the day-3 mitoflash 
frequency was negatively correlated with the lifespan of individual 
animals. Furthermore, enhanced activity of the glyoxylate cycle con- 
tributed to the decreased day-3 mitoflash frequency and the longevity 
of daf-2 mutant animals. These results demonstrate that the day-3 
mitoflash frequency is a powerful predictor of C. elegans lifespan 
across genetic, environmental and stochastic factors. They also sup- 
port the notion that the rate of ageing, although adjustable in later 
life, has been set to a considerable degree before reproduction ceases. 

Ageing is defined as an increase in the probability of death with 
increasing chronological age’. In eukaryotic organisms, the mitochon- 
drion organelle is pivotal to bioenergetics, free-radical metabolism and 
cell death’. Conceptualized by Harman in 1972, the mitochondrial theory 
of ageing’ (MTA) states that mitochondria are the main biological clock 
that drives ageing. However, it has been difficult to prove or disprove 
MTA and related theories because experimental approaches have had 
limitations®. 

We recently demonstrated that mitochondria in mammalian cells 
undergo quantal, stochastic bursts of superoxide production, which can be 
visualized as ‘mitochondrial flashes’ (mitoflashes) by the sensor protein 
circularly permuted yellow fluorescent protein (cpYFP) in the mito- 
chondrial matrix’. The mitoflash frequency is highly sensitive to oxidative 
stress and metabolic changes’; it can therefore be exploited as a readout 
of energy metabolism and free-radical production for testing MTA. 

We expressed cpYFP with a mitochondrion-targeting sequence’ (mt- 
cpYFP) in C. elegans, a model system long used for ageing studies*. The 
highest expression of mt-cpYFP was detected in the pharynx, a strong 
muscular structure that grinds bacterial food (Extended Data Fig. 1). 
For ease of detection, we focused on the anterior pharynx (procorpus 
and metacorpus). Robust mitoflash activity occurred in the pharyngeal 
muscle of wild-type (WT) worms (Fig. la and Supplementary Videos 1 
and 2), with attributes (Extended Data Fig. 2) comparable to those of 
mammalian mitoflashes’. 

Systematic characterization further showed that mitoflashes are a 
conserved physiological phenomenon. First, C. elegans mutants with 
defective respiratory chain complexes all had extremely low mitoflash 
activity (Fig. 1b), substantiating the previous finding that pharmaco- 
logical inhibition of the respiratory chain diminishes mitoflash activity 


in mammalian cells’. Second, glucose supplementation in the culture 
plates stimulated mitoflash production, whereas the removal of food for 
3-6 h diminished it (Fig. 1c). Third, oxidative stressors such as HO, or 
paraquat (PQ), a herbicide that generates intracellular reactive oxygen 
species (ROS), almost immediately increased the mitoflash frequency 
about 15-fold (Fig. 1d and Supplementary Video 3). A similar increase 
was elicited by photochemically induced ROS from the fluorescent 
protein KillerRed? (Fig. 1d). Thus, when the electron-transfer chain is 
intact, the mitoflash frequency in C. elegans pharyngeal muscles reflects 
both the metabolic state and oxidative stress, as in mammalian cells”. 

To determine the relationship between mitoflashing and ageing, we 
first monitored mitoflash activity in C. elegans as a function of age. The 
WT mitoflash frequency peaked on adult days 2-3 and again on days 
8.5-9.5 at about four events per optical section of pharynx over a 200-s 
window (Fig. le and Supplementary Videos 1 and 2). The first peak 
overlapped with the egg-laying period spanning days 1-5, and it can be 
suppressed by eliminating the germline (Extended Data Fig. 3). The 
second peak coincided with the time when WT animals started to die 
off (Fig. 2a inset, grey curve). Next we measured mitoflash activity in 
long-lived and short-lived mutants during their adult life. In C. elegans, 
daf-2 encodes the insulin/insulin-like growth factor-1 receptor, and 
age-1 encodes a phosphoinositide 3-kinase; these act to limit lifespan 
by inhibiting DAF-16, a FOXO transcription factor®. In the WT back- 
ground, daf-2(e1370) mutation and age-1 RNA-mediated interference 
(RNAi) extended the average lifespan from 21 days to 39 and 30 days, 
respectively (Fig. 2a, b insets). The first mitoflash peak in both mutants 
was depressed and delayed to day 5; the second peak, strikingly higher 
than the first, did not appear until day 15 or 13 (Fig. 2a, b). The lon- 
gevity of the daf-2 mutant is known to require the daf-16 gene’®. In the 
daf-2; daf-16 double mutant, both the lifespan and the mitoflash time 
course were restored to a WT-like state (Fig. 2c). In contrast, mitoflashes 
in the short-lived hsf-1(sy441) and elo-5(RNAi) mutants, which have 
decreased activity of the heat-shock transcription factor or a polyunsat- 
urated fatty acid elongase, showed an elevated first peak on day 3 anda 
compressed second peak around day 7 (Fig. 2d, e). Thus, from early to 
mid-adulthood the pace of mitoflashing seems to be slower in long- 
lived mutants and faster in short-lived mutants, suggesting a connec- 
tion between mitoflashing and ageing. 

Ageing is plastic: genetic, environmental and stochastic factors together 
determine how long an animal lives. We therefore examined whether 
mitoflash activity and ageing would display coherent responses to any 
of these factors, provided that the mitoflash was measured in healthy 
respiratory mitochondria, for example in day-3 young adults. We exam- 
ined 29 genetic or RNAi mutant strains (excluding respiratory-chain 
mutants) with long, short or WT-like lifespans. This collection covered 
several evolutionarily conserved mechanisms that control lifespan’, 
including insulin signalling (daf-2, age-1, daf-2; daf-16), dietary restriction 
(DR) or TOR signalling (eat-2, daf-15, pha-4) and germline signalling 


1College of Biological Sciences, China Agricultural University, Beijing 100094, China. National Institute of Biological Sciences, Beijing, Beijing 102206, China. °State Key Laboratory of Biomembrane and 
Membrane Biotechnology, Beijing Key Laboratory of Cardiometabolic Molecular Medicine, Institute of Molecular Medicine, Peking-Tsinghua Center for Life Sciences, Peking University, Beijing 100871, 
China. *Department of Statistics, National Cheng Kung University, Tainan 70101, Taiwan. °Vanderbilt Centre for Quantitative Sciences, Vanderbilt University, Nashville, Tennessee 37232, USA. 


*These authors contributed equally to this work. 


128 | NATURE | VOL 508 | 3 APRIL 2014 


©2014 Macmillan Publishers Limited. All rights reserved 


15 


Mitoflash incidence (per pharynx per 200 s) 


Oo 


(glp-1). When all the data were pooled, a strong negative correlation 
(Spearman’s correlation: —0.82) emerged between the day-3 mitoflash 
frequency (varying from about 5% to 255% of the WT) and the mean 
lifespan (varying from about 57% to 191% of the WT) (Fig. 3a and 
Supplementary Tables 1 and 3). The variation in day-3 mitoflash fre- 
quency alone explained 59% of the variation in lifespan using a nonlinear 
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Figure 1 | Mitoflash events in mt-cpYFP- 
transgenic C. elegans. a, Space-time plots of 
mitoflash events in mt-cpYFP-transgenic 

C. elegans pharynx on adult days 1, 3, 5, 9 and 19 
(D1, D3, D5, D9 and D19, respectively). The spatial 
localization of mitoflash events is shown by surface 
plots overlaying the respective confocal images 

of the pharynx. Numerals denote the order of 
occurrence when more than one mitoflash was 
registered in the optical section (1 um thick). 
Temporal diaries of these events, marked as vertical 
ticks, during a 200-s acquisition window are shown 
beneath the images. b, Mitoflash frequencies in 
worms with defective respiratory chain 
components (n = 10). Mutants were gas-1(fc21), 
nuo-6(qm200), mev-1(RNAi), cyc-1(RNAi), 
isp-1(qm150) and atp-3(RNAi). Ctrl, control. 

c, Mitoflash response to glucose supplementation 
or starvation (n = 20). d, Mitoflash response to 
treatment with paraquat (PQ) or HO, or to light 
exposure in worms expressing mitochondrion- 
targeted KillerRed (n = 5). e, Age dependence of 
mitoflash activity in C. elegans (n = 20). In 

b-d, day-1 adults were used for the PQ, H,O, and 
starvation experiments, and day-3 adults for the 
others. Data are expressed as means + s.e.m. 
Asterisk, 0.01 = P < 0.05; two asterisks, 

0.001 = P< 0.01; three asterisks, P < 0.001; 
Wilcoxon rank-sum test. 


cubic spline regression model (Fig. 3b), or 50% using a simple linear 
regression model (Fig. 3c) (P < 0.001 for both). Hence the day-3 mito- 
flash frequency reflects the effect of genetic manipulation on ageing. 

Next we sought to determine how the day-3 mitoflash frequency and 
the rate of ageing respond to diverse environmental factors. We tested 26 
conditions that had been reported to alter the lifespan of C. elegans'*° 


Figure 2 | Mitoflashes in lifespan mutants. Age- 
dependent changes in mitoflash activity in the 
long-lived insulin signalling mutants daf-2(e1370) 
(a) and age-1(RNAi) (b), the WT-like daf-2(e1370); 
daf-16(mu86) double mutant (c), and the short- 
lived mutants hsf-1(sy441) (d) and elo-5(RNAi) (e). 
Insets show the corresponding survival curves. 
For each mitoflash result (mean + s.e.m.), n = 9 or 
10 worms except for the daf-2 mutant on day 13, 
age-1(RNAi) on day 17, daf-2; daf-16 on day 17, 
and elo-5(RNAi) on day 15, for which n = 8. For the 
lifespan curves in a-e respectively, n = 80, 93, 85, 
111 and 103 worms for the mutants, or 93, 93, 98, 
93 and 94 for the WT or WT on empty RNAi 
control. 
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(Fig. 3d and Supplementary Tables 2 and 3). Again, there was a strong 
negative correlation (Spearman’s correlation: — 0.80) between the day-3 
mitoflash frequency (varying from 28% to 200% of the control) and 
mean lifespan (varying from 81% to 164% of the control). Most of the 
lifespan variation could be explained by the day-3 mitoflash frequency 
(52% using a linear regression model, or 70% using a cubic spline regres- 
sion model; P< 0.001 for both) (Fig. 3e, f). Thus, the day-3 mitoflash 
frequency also reflects the environmental effect on ageing. 

Of particular interest are transient environmental interventions. It 
has been shown that a temporary early-life experience, such as restricted 
milk intake imposed on a crowded litter of mice before weaning” or 
a sublethal heat shock or starvation of C. elegans day-1 adults'*, can 
significantly increase life expectancy. Hence, the rate of ageing can be 
modulated in young animals through gene-environment interactions. 


Figure 3 | Mitoflash frequency on day 3 predicts lifespan alterations by 
genetic, environmental and stochastic factors. a, Scatter plot showing the 
relationship between the average lifespan (ordinate) and the day-3 mitoflash 
frequency (abscissa) for WT and 29 mutant strains, all with transgenic 
expression of mt-cpYFP. Data are expressed as percentages relative to those of 
the WT or WT on control RNAi (Supplementary Table 1). For the mitoflash 
measurement, n = 20 for elo-5(RNAi), hsf-1(sy441) and the matched controls, 
15 for sod-1(RNAi), sod-2(RNAi), sod-2 0.e. and the matched controls, 9 for 
pha-4(RNAi) and R09B3.3(RNAi), 7 for KO7C11.2(RNAi) and 10 for all others. 
For the sample size in lifespan assays, see Supplementary Table 3 (n > 55 for 
each). Spearman’s correlation: —0.82 (P< 0.001). b, c, Four-point cubic spline 
regression (b) and linear regression (c) of the data in a. The regression line 
(solid) and the 95% prediction interval (dashed lines) of the mean lifespan are 
shown. d, Scatter plot of average lifespan as a function of the day-3 mitoflash 
frequency in mt-cpYFP transgenic C. elegans subjected to 26 environmental 
conditions. Data are expressed as percentages relative to those under standard 
culture conditions (Supplementary Table 2). Spearman’s correlation: —0.80 
(P< 0.001). e, f, Four-point cubic spline regression (e) and linear regression 
(f) of the data in d. The solid and dashed lines are as described for b and c. For 
the mitoflash measurement, n = 20 for the glucose experiments and n = 10 for 
all others. For the sample size in lifespan assays, see Supplementary Table 3 
(n> 40 for each). 


Indeed, either 2h of heat shock or 48h of starvation starting from 
adult day 1 increased the lifespan and decreased the day-3 mitoflash 
frequency (Fig. 3d). Moreover, 1-2 h of PQ treatment on adult day 2 
was sufficient to shorten the lifespan of the long-lived daf-2(e1370) mutant, 
accompanied by an elevated mitoflash frequency on adult day 3 (Table 1). 
Conversely, 3-6 h of starvation on day 2 significantly increased the life- 
span of short-lived WT animals cultured on glucose plates and decreased 
the mitoflash frequency on day 3 (Table 1). These results show that the 
effects of previous transient environmental changes on day-3 mitoflash 
activity faithfully predict their lasting effects on lifespan. 

Worms experiencing an environmental change can have different 
mitoflash frequencies during, immediately after, and long after the 
treatment (Table 1, PQ treatment of the daf-2 mutant). The delayed res- 
ponses (measured on day 3 after 22-24 h of recovery), rather than the 
acute ones, were inversely related to the lifespan alterations. Hence, for 
the day-3 mitoflash frequency to be a predictor of lifespan, the system 
must be given time to recover or reset after transient perturbations. 

A population of isogenic C. elegans cultured under the same condition 
have different lifespans (for example, 11-36 days for WT animals in 
Fig. 2a) as a result of stochastic factors”. Given that the mitoflash fre- 
quency can predict lifespan changes by both genetic and environmental 
factors, it was even more intriguing to determine whether the mito- 
flash frequency could foretell the lifespan of individual animals, whose 
lifespan differences can only be attributed to random factors. A nega- 
tive correlation between the day-3 mitoflash frequency and lifespan still 
held true in strains with a normal, faster or slower ageing rate (Extended 
Data Fig. 4a) (R? = 0.28, 0.19 and 0.29 for WT, long-lived age-1(hx546) 
and short-lived elo-5(RNAi) worms, respectively; P < 0.001, linear regres- 
sion model). Tripartition of the data by mitoflash frequency revealed that 
worms with low mitoflash activity as a group lived significantly longer than 
those with medium or high mitoflash activity (Extended Data Fig. 4b). 

In contrast, there was no correlation between lifespan and the day-9 
mitoflash frequency in individual WT worms maintained under the same 
condition (Extended Data Fig. 5). This was probably due to the hetero- 
geneity of day-9 mitochondria. Although mitoflash activity is indicative 
of metabolic rate or oxidative state in healthy respiratory mitochondria 


Table 1 | Effects of transient treatments on long-lived or short-lived C. elegans 


daf-2(e1370) animals, long-lived 100 mM PQ treatment WT on 10mg!? glucose, short-lived Starvation 

1min 30 min 60 min 120 min 3h 6h 
MF after treatment (on day 2) 473* 92 31** 13** MF after starvation (on day 2) 56* 47** 
MF after recovery (on day 3) 92 86 126 608** MF after recovery (on day 3) 67 52" 
Lifespan 101 87 65*** 66*** Lifespan iii Ligt** 


Values are percentages of control. Hash sign, 0.05 = P<0.1, asterisk, 0.01 = P< 0.05; two asterisks, 0.001 = P< 0.01; three asterisks, P< 0.001; one-tailed Wilcoxon rank-sum test for mitoflash frequency (MF) 
(n= 15 for the daf-2 MF data on day 3, n= 10 for all others), and log-rank for lifespan (n = 44; see Supplementary Table 3 for precise n). 
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Figure 4 | Low mitoflash activity due to mitochondrial metabolic shift 
contributes to the longevity of the daf-2 mutant. a, The tricarboxylic acid 
cycle and the glyoxylate cycle. b, Relative ICL-1 protein abundance in isolated 
mitochondria determined by '°N metabolic labelling and quantitative mass 
spectrometry. Ratios are (unlabelled ICL-1 of indicated strain/'°N-labelled 
ICL-1) divided by (unlabelled ICL-1 of WT/ 'N-labelled ICL-1) and are shown 
as means + s.e.m. (n = 3). c, Right: higher complex II activity (means + s.e.m., 
n = 3) in the mitochondria isolated from the daf-2(e1370) mutant than in those 
purified from WT or the daf-2(e 1370); daf-16(mu86) double mutant. Units 
of maximum velocity are 10 ° absorbance units at 600 nm per minute per 
microgram of protein. Left: electron micrographs of the mitochondrial samples 
used in the assay. d, Effect of icl-1 RNAi on the mitoflash activity in daf- 
2(e1370) and the daf-2(e1370); daf-16(mu86) double mutant. Means = s.e.m., 


(Fig. 1c, d), it diminishes in mitochondria with severe damage”. Among 
the day-9 adults, senile individuals with dysfunctional mitochondria 
and those that are still physiologically youthful and contain healthy 
mitochondria would all display low mitoflash activity, concealing the 
difference. In comparison, day 3 is early enough for all individuals to 
be young and healthy and late enough for various factors (genetic pro- 
grams, past experience and random factors) to have had time to con- 
solidate their effects. 

Previously identified C. elegans ageing biomarkers™* and lifespan 
predictors””*” are effective only in mid-aged animals or require con- 
tinual measurement over the course of one week. Some of them can 
account for lifespan variations attributed to stochastic factors, but none 
have a demonstrated predictive power for genetic and environmental 
factors. The day-3 mitoflash frequency is a unique lifespan predictor 
because it is an early, single-point measurement, yet is effective for all 
three classes of lifespan modifiers. This finding provides the most direct 
evidence for a central role of mitochondria in lifespan regulation. 

On the basis of this observation, we further propose that mitochon- 
drial activity is a determinant of lifespan. To test this we focused on the 
daf-2(e1370) mutant, whose remarkable longevity has catalysed research 
into the molecular mechanisms of ageing since 1993 (ref. 10). Isocitrate 
lyase 1 (ICL-1), a key enzyme of the glyoxylate cycle and a transcriptional 
target of DAF-16, is upregulated in daf-2 mutants*”°. Also known as 
GEX-interacting protein 7 (GEI-7), ICL-1 is a bifunctional enzyme (iso- 
citrate lyase and malate synthase) that breaks isocitrate into succinate 
and glyoxylate and also converts glyoxylate into malate (Fig. 4a). By 
shunting the tricarboxylic acid cycle, the glyoxylate cycle produces less 
NADH (the substrate of respiratory complex I) and proportionally 
more succinate (the substrate of respiratory complex II), thus effectively 


Time 


n = 25 worms. e, icl-1(RNAi) shortened the lifespan of the daf-2(e 1370) mutant 
but not the WT or the daf-2; daf-16 double mutant. P < 0.001 between daf-2 
and daf-2; icl-1(RNAi), log-rank. n = 84/82, 66/79 and 80/71 for WT, daf-2 and 
daf-2; daf-16 animals on control/icl-1 RNAi, respectively. In three independent 
experiments, icl-1(RNAi) significantly shortened the lifespan of the daf- 
2(e1370) mutant by 27% (shown), 12% and 15% (not shown). f, A model 
depicting the coupling between mitochondrial activity and ageing under the 
influence of genetic, environmental and stochastic factors. Note that a shift 
towards enhanced glyoxylate cycle and complex II activity decreases mitoflash 
production while extending the lifespan. Asterisk, 0.01 = P < 0.05; two 
asterisks, 0.001 = P< 0.01; three asterisks, P< 0.001; Student’s t-test (b, c); 
Wilcoxon rank-sum test (d). 


diverting more fuel to complex II. Consistent with previous findings, 
we detected a 95-130% abundance increase of ICL-1 in mitochondria 
isolated from the daf-2(e1370) day-1 adults compared with the WT or 
the daf-2; daf-16 mutant (Fig. 4b). In addition, isolated daf-2 mito- 
chondria had a 50% increase in complex II activity (Fig. 4c). Because 
there is less electron leakage and hence less basal superoxide produc- 
tion at complex II than at complex I’°, we postulated that the coordi- 
nated elevation of ICL-1 and complex II activity decreases mitochondrial 
superoxide production and hence mitigates the triggering of mitoflashes 
in daf-2 young adults (Fig. 2, day 1 and day 3). Indeed, RNAi of icl-1 fully 
restored the day-3 mitoflash activity of the daf-2(e 1370) mutant (Fig. 4d) 
and shortened its lifespan by up to 27% (Fig. 4e), consistent with the 
shortening of the daf-2(mu150) lifespan by icl-1/gei-7 RNAi**. These 
results highlight the role of mitochondria in organismal ageing. 

We have shown that mitoflash activity in young adulthood is a life- 
span predictor in C. elegans. In long-lived daf-2 animals, decreased mito- 
chondrial production of superoxide through a shift in metabolic flux 
from complex! to complex II contributes to a slowing of organismal 
ageing. These data strongly support a coupling between the mitochon- 
drial function and the process of ageing, and lend credence to ageing 
theories that place mitochondria at a nodal point of lifespan regulation 
(Fig. 4). Another message stemming from these findings is that ageing 
is a programmed process: its overall rate, as set by genetic, environmental 
and stochastic factors, can be projected from mitochondrial activity in 
early adulthood. 


METHODS SUMMARY 


cpYFP was expressed in C. elegans under the promoter and the mitochondrial local- 
ization sequence of SDHB-1 (ref. 7), a respiratory complex II subunit on the matrix 
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side. Mitoflash activity in the anterior pharyngeal muscles was measured in live 
worms for 150-200 s, using a spinning-disk confocal microscope equipped with a 
63X, 1.4 numerical aperture oil-immersion objective (UltraVIEW VOX; PerkinElmer) 
at 488 nm excitation, 500-550 nm emission, with 30% laser power. Images of 1,000 
pixels X 1,000 pixels (1 pixel = 0.012 jum”) and 1 jum optical thickness were acquired 
at 1 frames | with a 430-ms exposure. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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SHARP SHOOTERS 


Beams of charged particles can treat cancer more safely and effectively than X-rays. 
Physicists and biomedical researchers are working to refine the technology for wider use. 


4 


A computed-tomography scan shows a tumour and the ion-beam dosage that will be used to treat it. 


BY VIVIEN MARX 


linicians attack cancer with many 

( types of weapon, ranging from scal- 

pels to physically remove all or most of 

a tumour to drugs that kill the tumour cells 

where they are. In about half of people with 

cancer, doctors go after the malignant cells 
with ionizing radiation. 

Classic radiation treatment involves mainly 

X-rays. But because these lose energy all 


along their path through the body — damag- 
ing healthy cells as they go — clinicians and 
researchers are increasingly paying attention 
to beams that use charged particles such as 
protons and carbon ions’. Charged particles 
can deposit most of their lethal energy mainly 
at the tumour site, largely sparing the healthy 
tissue. Protons are slightly more lethal to 
cancer cells than X-rays, and carbon ions seem 
to be around 2-3 times as deadly. 
Worldwide, around 100,000 people have 
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received proton treatments for cancer. Japan, 
China, Germany and Italy have built ion-beam 
facilities that have treated some 12,000 patients 
with carbon ions, the majority in Japan and 
Germany (see ‘Carbon count’). 

Carbon ions are heavier than protons, so 
the facilities to deliver them are pricier. The 
charged-particle facilities in Germany and 
Japan cost between US$130 million and 
$200 million each to build. Nonetheless, 
there has been a spike in research and 
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CARBON COUNT 


Around 12,000 patients worldwide have been treated at dedicated carbon-ion facilities in 
Europe, China and Japan. The construction of two new facilities, encouraging clinical-trial 
results and advances in the technology mean those numbers are likely to grow. 


HEIDELBERG, | Opened 2009 


People treated: 


GERMANY | 1,368 


WIENER NEUSTADT, 
AUSTRIA 


Slated to open in 2015 


> clinical activity to use charged particles 
more broadly for cancer treatment, and a hope 
that as the technology evolves, the price will 
come down. 

Clinical trials and new types of radiobiol- 
ogy assay are under development to study 
the molecular effects of carbon ions as well 
as helium, lithium and oxygen ions, often 
referred to in cancer research as ‘heavy’ 
ions because they are heavier than protons. 
Advancing this approach to patient treatment 
will require further development of particle- 
accelerator and beam-delivery technology. 
An international community of clinicians, 
researchers and technology developers are 
working to make it happen. 

The United States began treating patients 
with protons in the 1950s and has funded 
research in this area’, but it has lagged behind 
Japan and Germany in advancing other ion 
therapies. The United States now has 14 facili- 
ties for proton treatment and none for carbon- 
ion treatment. 

In Japan, radiation oncologist Hirohiko 
Tsujii of the National Institute of Radiological 
Sciences (NIRS) in Chiba has devoted his 
career to advancing carbon-ion therapy. Chiba 
is home to the first of Japan’s four carbon-ion 
facilities, all of which the NIRS oversees, and 
treated its first patient in 1994. In Germany, the 
Heidelberg Ion-beam Therapy Center (HIT) 
has been treating patients since 2009 with pro- 
tons and carbon ions’. 

In both countries, the development and con- 
struction of these facilities was helped along 
by public funding for physics-based facilities 


LANZHOU, | Opened 2006 
People treated: 
CHINA | 253° 


¢ 
* 


Opened 2012 
People treated: 
105 


PAVIA, 
ITALY 


SHANGHAI, CHINA 


Slated to open in 2014 


,as well as investments from large companies 
such as Siemens Healthcare, based in Erlangen, 
Germany, and Hitachi, Mitsubishi, Sumitomo 
and Toshiba, all based in Tokyo. 

The published clinical results from patients 
in Germany and Japan are causing the United 
States to shift its stance, Tsujii says. The US 
National Cancer Institute (NCI) now wants 
to fund domestic research on carbon ions and 
other ion species, and to help fund an interna- 
tional clinical trial. 


FIRE AWAY 
Standard radiation treatment involves firing 
a barrage of X-rays at tumours in the hope of 
stunting their growth by breaking their cells’ 
DNA. But some areas of tumours seem to be 
resistant to X-ray damage, and those that are 
not can often repair it. And many X-rays pass 
through tumour cells without hitting the DNA, 
leaving the cells unscathed. X-ray beams can 
also hit tissue adjacent to a tumour, which can 
set off molecular events leading to tumour 
formation. For example, children who survive 
cancer after radiation treatment face a height- 
ened risk of secondary cancers later in life. 
This kind of collateral damage has been 
reduced by advances in radiation oncology, 
such as the ability to deliver beams from dif- 
ferent angles and with varying intensities 
so that they converge on the tumour. But 
improvement is still needed. For example, 
when treating head and neck cancers with 
conventional radiation, “we do a reasonable 
job’, says Stephen Hahn, a radiation oncolo- 
gist at the Perelman School of Medicine at the 
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CANCER 


Opened 2010 
People treated: 
968 


GUNMA 


Us 


TOSU 


Opened 2013 
People treated: 
62 


HYOGO 


Opened 2002 
People treated: 
123 


Opened 1994 
CHIBA | People treated: 
8,158 


Japan began treating patients 
with carbon ions in 1994. 


JAPAN 


University of Pennsylvania in Philadelphia — 
but the X-rays can harm healthy tissues nearby, 
such as the heart, oesophagus or lung. 

Charged particles, by contrast, can mostly 
avoid healthy tissue. Stripped of their electrons 
and accelerated to some 70% of the speed of 
light, they pass through healthy tissue without 
interacting strongly with the atoms there. Once 
their speed drops to a certain level, however, 
they abruptly deposit almost all of their energy 
in “a dramatic bam’, says Arnold Pompoé, a 
physicist at the University of Texas Southwest- 
ern Medical Center in Dallas. 

This deposition of energy is known as the 
Bragg peak, named after physicist William 
Henry Bragg, who discovered the behaviour in 
1903. Charged-particle beams can be tuned so 
that particles reach their Bragg peaks right at a 
tumour, where they do the maximum damage. 


READY, AIM, SCAN 

The researchers at the HIT use — and are 
continuing to develop — an approach called 
raster scanning, in which a source readies one 
or several types of ion that are then acceler- 
ated. Next, the beams are extracted slowly in 
bunches, each of which has hundreds of indi- 
vidual Bragg-peak positions tailored to deposit 
radiation throughout the tumour. 

The position, size and intensity of these 
collections of beams are measured around 
100,000 times a second to ensure safety and 
precision. The beams fill the tumour’s contours 
as a hand fills a glove, says Thomas Haberer, 
chief technology officer of the HIT, who devel- 
oped the technology while working at the GSI 
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Helmholtz Centre for Heavy Ion 
Research in Darmstadt, Germany. 
(The HIT is a spin-out of that cen- 
tre.) 

“Clinically, we use protons and 
carbon-ion radiation as is needed 
from one patient to the next,” 
says Haberer. He and his team are 
working to add oxygen, helium 
and other ions to the mix. The 
researchers also want to increase 
the number of ion species they 
use, because the heavier ones stay 
focused even when travelling deep 
into the body, as in the treatment 
of prostate cancer, he says. The 
heavier the ion, the greater the 
possible damage to solid tumours. 

For tumours that contain a mix 
of healthy and diseased cells, the 
HIT team chooses protons to avoid 
injuring the healthy ones. 

During particle-beam treat- 
ment, a patient lies on a couch 
wearing a stiff plastic garment that 
positions them with millimetre- 
scale precision in reference to a 
computed-tomography image 
of the tumour, says Haberer. A 
tumour can shift as the patient 
breathes, so the system must also 
adjust to account for this change. 

In collaboration with several 
research groups, Haberer and his 
colleagues are working on ways to 
use the raster-scanner approach to 
refine how a tumour can be tracked 
during treatment. “In the lab, the 
prototype is working well? he says. 
“Tt will take a while for it to reach 
clinical application, at least a few 
years.” 

At the HIT, clinicians have applied carbon- 
ion therapy to tumours in the brain and at 
the base of the skull, and to head and neck 
cancers. And they have begun treating 
cancers of the liver and pancreas, recurrent 
rectal and prostate cancers, and paediatric bone 
cancer. Children are regularly treated with 
proton beams, and the team wants to launch 
clinical trials of carbon ions for paediatric 
cancers, says Haberer. 

When treating cancers of organs in the torso, 
clinicians use ‘spacers, which can be made from 
a variety of materials, to physically shift healthy 
tissue adjacent to the tumour out of the way 
of the Bragg peak. For example, Tsujii says, in 
carbon-ion therapy for colon cancer, “we put a 
spacer between the tumour and the intestines”. 

Tsujii points to the expanding range of 
tumour types that have been treated in Japan 
with carbon ions. When people with rectal 
cancer are treated with surgery, he notes, 
around 15% develop recurrence within 
3-5 years. Another surgery is an option for 
only 10-40% of them. When these patients 
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Gantries to direct charged-particle beams weigh as much as 600 tonnes. 


are treated with carbon ions, only 10% of them 
develop a second recurrence, compared with 
30-70% of those treated with X-rays. Patients 
eventually succumb to metastases, but Tsujii 
nonetheless finds the results so far promising. 

Another study under way in Japan is looking 
at combined chemotherapy and carbon-ion 
therapy to treat people who have inoper- 
able pancreatic tumours, and at pre-operative 
carbon-ion therapy for pancreatic cancer that 
can be removed surgically. Carbon-ion therapy 
may take less toll on the patient and reduce 
treatment times — for liver cancer and early- 
stage lung cancer, carbon ions are delivered in 
one or two sessions over as many days, com- 
pared with 10-30 sessions over many days or 
weeks for X-ray therapy. 


GROWING THE TECHNOLOGY 

Protons hinder the growth of some tumours 
better than X-rays, says Herman Suit, a 
proton-therapy pioneer at Massachusetts 
General Hospital in Boston*. Some of the 
published results from carbon-ion treatment 
centres in Japan and Germany are “impressive’, 
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he adds, such as those for tumours 
at the base of the skull, renal 
cancer and mucosal melanoma of 
the head and neck. He would like 
to see clinical trials comparing pro- 
tons and carbon ions. 

Carbon-ion therapy has so far 
been used mainly on tumours that 
are difficult to remove surgically 
and risky to treat with classic radi- 
ation. Tumours at the base of the 
skull, for example, are near nerves, 
brain tissue and the cochlea of the 
inner ear, where X-ray exposure 
could cause debilitating damage. 

Hahn says that some charged 
particles deliver “a more powerful 
punch” to tumours and that he and 
most of his colleagues now accept 
that carbon-ion therapy performs 
well on the most challenging 
tumours. The next step is to see 
whether charged particles are right 
for more common diseases such as 
lung cancer. 


COMPARING BEAMS 

According to the NCI, the first 
international clinical trial on 
charged particles is now being 
planned. Slated to last 3-5 years, 
the randomized phase III trial, 
which will examine efficacy and 
dose, will compare X-rays, protons 
and carbon ions in the treatment of 
cancers of the pancreas, liver, head 
and neck, as well as bone and soft- 
tissue tumours and recurrent rectal 
cancer. The NCI will contribute 
funding for the trial and is soliciting 
proposals from US institutions and 
from carbon-ion facilities in Japan, Germany, 
Italy and China. 

The trial presents many logistical challenges 
in addition to that of obtaining the neces- 
sary scientific review and approval. Facilities 
for charged-particle therapy are much less 
common than those for X-ray treatment, so 
patients will need to travel further to reach 
them, especially the carbon-ion centres. 

The NCI also wants to fund domestic 
research into charged-particle therapy. James 
Deye, a programme director for extramural 
radiation research at the NCI, and his colleagues 
are poring over project applications from insti- 
tutions vying to set up the first US research 
centre for particle-beam radiation therapy. The 
NCI funds research, not construction, Deye 
says, so applicants must find the money to build, 
over the next 5-10 years, a research facility that 
can handle treatments with protons, carbon 
ions and other ion species. Grant recipients will 
be announced later this year. 

One of the applicants is the University of 
Texas Southwestern Medical Center, where 
radiation oncologist Hak Choy wants to put 
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classic radiation, protons and heavy ions all 
under one roof. A new X-ray facility is set to 
open by 2016; a proton-therapy suite is slated 
for 2017; and Choy hopes to have a carbon-ion 
facility by 2021. The project is under review 
with the Texas state government, and Choy is 
hopeful about receiving support so that con- 
struction can begin. 


ACCELERATE AND DELIVER 
Accelerators and beam-delivery systems are 
crucial components in directing charged 
particles at patient tumours, but their size 
and operation costs are some of the factors 
hindering their widespread use. To help to 
make the use of this technology more feasible, 
some scientists are trying to make these sys- 
tems more compact. 

One overhaul researchers are targeting is 
of the gantry, a massive rotating platform that 
delivers ion beams to patients at any angle. To 
achieve different angles, the gantry directs 
the ions with huge, 


powerful magnets, “Compared to 
which weigh itdown * “rays, charged 
and raise its electric- particles 

ity use. The gantry deliver ‘amore 
at the HIT is as tall powerful punch’ 


asacommercial pas- fo fumours.” 
senger aircraft and 

weighs around 600 tonnes. Because carbon ions 
have more momentum and charge than pro- 
tons, a beam of them is around 2.5 times harder 
to bend than a proton beam, says Stephen Peggs, 
an accelerator physicist at Brookhaven National 
Laboratory in Upton, New York. 

Using stronger magnets on the gantry would 
be beneficial, he says. Superconducting magnets 
could be an option, he adds, because they are 
not limited to a magnetic strength of 1 Tesla, 
as conventional magnets are, and could have 
strengths closer to 4 or 5 Tesla. That boost could 
reduce the gantry size, because the greater the 
force the magnet exerts on the beam, the more 
readily the beam can be bent ina smaller radius, 
reducing the size of the system. 


GREATEST 
HITS 


Radiation can kill 
cancer cells by 
damaging their DNA. 
X-rays can hit or miss. 
Protons are slightly 
more lethal to cancer 
cells than X-rays. 
Carbon ions are 
around 2-3 times as 
damaging as X-rays. 


Peggs and his team are also working to 
improve the accelerator itself. Charged- 
particle therapy accelerators could be more 
compact, he says, if they cycled more quickly. 

The Brookhaven scientists are building a 
prototype ofa rapid-cycling accelerator, which 
extracts beams more often than the slow- 
cycling accelerators now used in carbon-ion 
treatment facilities’. In the new system, fewer 
ions travel around the accelerator track at 
any given time, and these doses are extracted 
cyclically and delivered to the patient. 

The use of fewer ions and more frequent 
extraction reduces the size of the beam pipe 
and the other system components, includ- 
ing the conventional magnets used on the 
accelerator to direct the beam. Such design 
changes also cut power use relative to that of 
slow-cycling systems. 

The Brookhaven researchers are testing this 
concept by building a fast-cycling accelera- 
tor to deliver multiple ion species, including 
lithium, neon, helium and carbon. It will be 
able to deliver a salvo of one ion species and 
then quickly switch energy levels and deliver 
another, Peggs says. 

The scientists are building the system 
components but want to assemble them at a 
location — not yet determined — where they 
can be applied to biomedicine. The prototype 
could be used as a radiobiology research facil- 
ity to continue maturing the technology for 
charged-particle therapy, Peggs says. 

To help with technology transfer, the 
Brookhaven scientists have partnered with Best 
Medical, a company in Springfield, Virginia, 
that builds radiation facilities. Krishnan 
Suthanthiran, the company’s chief executive, 
sees a market for a rapid-cycling system. 

His company has spent around $5 million on 
the partnership thus far and expects it will take 
another $10 million to $15 million to builda 
working system by 2016. This year, he is apply- 
ing for approval from the US Food and Drug 
Administration to build a facility. He estimates 
that a therapeutic centre will cost between 
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Stephen Peggs is building a fast-cycling accelerator. 


$30 million and $100 million, depending on 
how many treatment rooms it has. It may or 
may not needa gantry and will probably require 
less radiation shielding than current carbon-ion 
facilities, reducing cost and footprint. 

Haberer says that he likes Peggs’ concept 
because of its robust, steady way of cycling, 
which is perhaps even more stable than that 
of a slow-cycling system. But until a rapid- 
cycling system is built and used in therapy, it 
will not be easy to compare systems, he says. 
Superconducting magnets would allow the 
facility’s dimensions to be reduced, but they 
do not yet work quickly enough. “At present, 
these magnets are slow — which would mean 
fewer patients could be treated, impinging 
on the facilities’ sustainability,’ Haberer says. 
And, he notes, a rapid-cycling accelerator 
is better able to extract the exact dose at the 
right time, but it could be difficult to monitor 
the beams extracted to ensure their dose and 
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The treatment area of an ion-beam facility (left). Patients are carefully positioned (right) to ensure that the particle beam hits the tumour accurately. 


directionality. 

To further explore the potential uses and 
ideal dosages for charged-particle therapy, 
scientists want to expand basic radiobiol- 
ogy research. Scientists perform this work at 
charged-particle therapy centres and in facili- 
ties such as the NASA Space Radiation Biology 
Lab at Brookhaven, for example. 

Kathryn Held, a radiobiologist at Massachu- 
setts General Hospital in Boston is working on 
ways to get molecular information about the 
effects of different ion species on tumour cells 
— information that could help researchers to 
develop dosage regimens. 

New approaches to studying cell survival, 
changes in cell cycle and cell death will help 
researchers to explore why charged particles 
have more tumour-killing power than X-rays. 

Measures such as standard ‘clonogenic 
assays, in which scientists irradiate cells and 
then see whether they continue to grow and 
form colonies, suggest that protons are slightly 
more effective than X-rays at killing cells, 
whereas carbon ions are about 2-3 times more 
effective. Scientists have a number of hunches 
about why this is so. 

One is related to the fact that X-rays tend 
to be spread out, meaning that many of them 
pass through the cell without hitting DNA, 
says Held. Ions such as carbon are heavier and 
bigger than protons, have a greater positive 
charge and move more slowly through tissue 
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or cells, creating a thicker track of ionization. 
This track seems to produce clusters of dam- 
age, such as breaks in one or both strands of 
DNA, and damage to neighbouring nucleo- 
tides (see ‘Greatest hits’). 

When one strand of DNA breaks, repair 
enzymes use the sequence of the other, intact 
strand as a template to fix the helix’s rails and 
rungs. But double-strand breaks are harder to 
repair accurately, because there is no intact 
template from which to reconstitute the DNA. 

A cluster of damage 


“Assay. s that adds to the challenge. 
specifically All of this helps to 
measure types explain why carbon 
of possible ions are more lethal, 
clustered DNA says Held. 

damages would Indirect evidence 


beveryuseful.” | — computer simu- 
lations or the use of 
antibodies to detect DNA-repair enzymes — 
helps to explain the type of injury that charged 
particles inflict on tumour cells. “However, we 
do not have good assays to quantify, or identify 
the composition of, those clustered lesions,” 
Held says. “DNA assays that more specifically 
measure the various types of possible clustered 
DNA damages would be very useful” 
Another reason charged particles may pack 
more punch to cancerous cells is related to 
tumour physiology. As tumours grow, oxygen- 
poor regions develop, and these areas seem to 
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be resistant to classic radiation treatment. That 
is because X-rays kill cells by producing free 
radicals — reactive molecules formed from 
the water in cells and tissues — which then 
react with DNA to produce other destructive 
radicals. More oxygen exacerbates the damage 
these radicals can cause, and less oxygen weak- 
ens their effect. Researchers think that charged 
particles such as carbon ions may not lose their 
destructive power in low-oxygen regions. 

Basic radiobiology research on charged 
particles can feed into clinical practices 
in current and future facilities. Radiation 
oncologist Anders Brahme at the Karolinska 
Institute in Stockholm, who has spent his 
career working on charged-particle therapy, 
says that he sees great potential for cancer 
treatment in such therapies and is excited that 
they are drawing global interest. In his view, 
charged particles offer the chance for radiation 
oncology to move from a cancer treatment to 
acancer cure. @ 


Vivien Marx is technology editor for Nature 
and Nature Methods. 
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he cover of this Outlook vividly conveys the sense 

of fragmentation experienced by many people with 

schizophrenia. The artist, Sue Morgan, has been living 
with the condition for about twenty years, although she is 
now in remission. Morgan tried in this illustration to “convey 
the sense of horrible overwhelmingness” of living with this 
condition, which still confounds researchers trying to both 
treat the symptoms and fix the underlying biology. The lines 
connecting to the head, she says, “express the invisible signals 
and connections that I can tap into” 

Science is finally beginning to offer slivers of hope. Studies 
of the language difficulties faced by schizophrenia patients are 
revealing clues to how the disorder affects the brain (page S4). 
Researchers have identified hundreds of genes associated 
with the disease (S6) — although these findings are creating 
new puzzles as they solve old ones (S20). 

Frustratingly little progress has been made in drug 
development for twenty years, raising questions about the 
best research strategy (S18). Help could come in the form 
of better animal models (S8). And treatments may be close 
for the so-called negative symptoms of schizophrenia — the 
emotional withdrawal that can be as disabling as the psychosis 
more often associated with the disease (S10). 

The disorder typically strikes with full fury in young adults, 
but warning signs are often evident before then, offering the 
possibility of earlier intervention (S12). And lessons might 
be learned from the developing world, where, paradoxically, 
people with schizophrenia tend to have better outcomes than 
in richer countries (S14). Scientists are also figuring out why 
the disease is associated with accelerated ageing (S16). 

This Outlook was produced with support of a grant 
from Otsuka Pharmaceutical Development and 
Commercialization, Inc. As always, Nature Publishing Group 
retains sole responsibility for editorial content. 
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SEARCHING FOR SCHIZOPHRENIA'S ROOTS 


Sixty years after the first schizophrenia drug hit the market, researchers () 
are still struggling to understand and treat the disorder. By Emily Elert. 


A BIOCHEMICAL CASCADE 
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Dysregulation of glutamate may help it) ; wo Meg, 
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In schizophrenia, these 
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Glutamate neurons carry 
excitatory signals over both 
short and long distances. 


GABA interneurons send 
inhibitory signals that help 
modulate brain activity. 


SOCIETAL COSTS 


Dopamine neurons carry 
In 2012, researchers at the London School of signals from the brainstem 


Economics estimated that schizophrenia costs to the midbrain and 
England more than £11.8 billion (US$19.7 billion) prefrontal cortex. 
each year — nearly £76,000 for each person afflicted. 


Premature mortality: Mortality rates Excess unemployment: One estimate Institutional: Most people with 
are higher in people with schizophrenia, found that just 10% of people with schizophrenia have at least one 
due to more suicides and poorer health. schizophrenia are employed, 60% in-patient stay and a high risk 
below the UK average. of readmission. 
Indirect tax forgone 
Social security Unpaid Health and 


Other (£500) Income tax forgone payments care social care 


£6,000 £8,700 £24,300 £8,700 £11,100 


INDIRECT COSTS £44,400 DIRECT COSTS £31,600 
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THE CHANGING FACE OF SCHIZOPHRENIA 


The symptoms of schizophrenia vary from person to person, but follow a characteristic pattern over the course of the disease. 


POSITIVE 
SYMPTOMS 


The onset of 
schizophrenia 

is manifested 

by symptoms 
associated with 
psychosis. These 
often respond well 
to antipsychotic 
drugs. 


NEGATIVE 
SYMPTOMS 


These traits often 
linger or worsen, 
accompanied by 
impairments to 


cognitive processes, 


such as working 
memory. 
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15 YEARS OF DRUG DEVELOPMENT 


The most widely used schizophrenia drugs, atypical antipsychotics, are effective 
in treating positive symptoms. But researchers are finding new neural targets 
to address negative and cognitive symptoms. 
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Of 11 atypical antipsychotics 
on the market, 8 have received 
approval from the US Food 
and Drug Administration (FDA) 
since 2000. 


Drugs that boost levels of the 
neurotransmitter acetylcholine 
may help the brain filter sounds, 
reducing auditory hallucinations. 
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SCHIZOPHRENIA SLOWDOWN 


For the past ten years, clinical trials of schizophrenia 
treatments have been on a downward trajectory, even though 
clinical trials in general have been rising. 
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SCHIZOPHRENIA 


Gina Kuperberg (right) studies language processing by recording brain activity in reading tasks. 


Lost in translation 


Unravelling the mystery of verbal dysfunction in 
schizophrenia could yield clues to the nature of the disease. 


BY DAVID NOONAN 


r | Vhe Swiss psychiatrist Eugen Bleuler is 
perhaps best known for coining the term 
‘schizophrenia more than a century 

ago. But he also paved the way to understand- 

ing the disordered language that characterizes 
schizophrenia. Certain quotes from patients 
have since been enshrined in the medical lit- 
erature as classic examples of the types of lan- 
guage dysfunction that typify schizophrenia. 
Two quotes continue to echo through time 
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decades after being uttered by patients. The 
first is from a 1911 book by Bleuler: 


“Lalways liked geography. My last teacher 

in that subject was Professor August A. He 
was a man with black eyes. I also like black 
eyes. There are also blue eyes and gray eyes 
and other sorts, too. I have heard it said that 
snakes have green eyes. All people have eyes.” 


The second, which came in response to a 
question about “current political issues, like the 


energy crisis’, is from a 1986 paper by Nancy 


C. Andreasen: 


“They're destroying too many cattle and oil 
just to make soap. If we need soap when you 
can jump into a pool of water, and then when 
you go to buy your gasoline, my folks always 
thought they should, get pop but the best 
thing to get, is motor oil, and, money.” 


In the first quote, Bleuler’s patient demon- 
strates ‘derailment; in which the speaker loses 
focus and slides off topic — in this case he was 
suddenly distracted by the more intriguing 
subject of eyes. Andreasen’s patient exhibits 
amore profound disconnect: the inability to 
produce intelligible speech when prompted, 
instead tossing together a word salad that 
includes a few potentially relevant terms but 
carries no meaning. 

Both these haunting passages are manifes- 
tations of thought disorder, and both have 
been evoked again and again by generations 
of researchers seeking to better understand 
the central role that language plays in schizo- 
phrenia. They endure because, ina strange and 
compelling way, they embody the entwined 
mysteries of language and thought. 

“Language is like a window into the mind,’ 
says cognitive neuroscientist Debra Titone at 
McGill University in Montreal, Canada. After 
decades of study, the rules and mechanisms 
of normal language function are well under- 
stood. We don’t know everything, but we 
know enough — and have developed enough 
research tools — to track the flow of language 
through the normal brain as words are chosen 
and arranged in sentences that make sense and 
carry meaning. 

Investigators such as Titone use language 
to explore the brains and disordered minds 
of people with schizophrenia. Their goal is to 
identify and understand the underlying causes 
of the language dysfunction in schizophrenia, 
and to help determine the neural basis of this 
devastating mental illness. For patients, there is 
hope that this work will ultimately lead to ear- 
lier diagnosis, better treatments, and interven- 
tions that target specific brain functions and 
cognitive behaviours to improve language and 
quality of life. 

Titone and others who study the language 
pathology associated with mental disorders 
make no distinction between language and 
thought. The once robust debate over that issue 
is long over. “Many of the stored representa- 
tions that you are drawing on in thought are 
exactly the same as those that you are draw- 
ing on in language,” says Gina Kuperberg, a 
cognitive neuroscientist at Tufts University in 

Medford, Massachusetts, 
who has applied psycho- 


Forrecentresearch —_ linguistics to the study 
on language of schizophrenia. Titone 
dysfunction: concurs: “If you look at 


what the brain is doing 
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when it’s doing language, it’s not as if there's 
some language organ that lights up.” 


MUDDLING THROUGH 

Like the Bleuler and Andreasen examples 
(both cited by Kuperberg in a 2010 paper), 
schizophrenic discourse often retains the 
normal structure of language. It generally fol- 
lows the rules of grammar: the basics are there, 
the phonology and even some of the syntax, 
but it is disjointed and hard to follow. Titone 
attributes this phenomenon to the fact that the 
structural properties of language are “drilled 
into our brains” from the moment we are 
born. By late adolescence or early adulthood, 
the typical age of onset for schizophrenia, it’s 
already locked in. 

In the disrupted communication that is a 
hallmark of schizophrenia, the main problem 
is how words are combined to produce overall 
meaning. The underlying issues involve the 
storage of meaning in the brain and the way 
individuals mobilize and update that informa- 
tion. “Meaning is the brain,” says Kuperberg, 
who is also a psychiatrist at Harvard Medical 
School. “It is stored and represented extraor- 
dinarily widely throughout the brain” These 
mental representations of our external and 
internal worlds exist in complex neural net- 
works that we draw on when we use language. 

During conversation, mentally healthy 
people sort through this massive store of ever- 
changing information to produce compre- 
hensible language. But in some people with 
schizophrenia this basic ability is impaired. 
The problem is often described as a “loosening 
of associations” in which, for example, words 
are chosen not because they make sense, but 
because the patient simply associates them with 
other words. When the man who professed his 
fondness for geography as it was taught by 
Professor A accessed his stored knowledge of 
the experience, he quickly veered off track and 
abandoned the professor altogether for a string 
of loosely connected references to eyes. For 
Andreasen’s more severely impaired patient, 
the question about the energy crisis sent him 
bouncing around his brain like a pinball, light- 
ing up stored networks that, when transmitted 
as language, amounted to gibberish. 

People without schizophrenia update and 
reorganize this stored information from 
moment to moment as they interact with oth- 
ers and the external world. As they navigate 
through their day, they process everything 
from the identity of the person they are talk- 
ing to (their boss, perhaps) to changes in the 
tone of voice. But Kuperberg’s research suggests 
that people with schizophrenia have difficulty 
performing this moment-to-moment updat- 
ing, limiting their ability to revise their stored 
knowledge and adjust to the flow of everyday 
communication. Such abnormalities have been 
linked to a breakdown in the fast, continuous 
interaction between prefrontal and temporal 
areas of the brain. Among other problems, this 


can result in a kind of cognitive rigidity, stick- 
ing to a topic at the expense of coherence — for 
example, talking about the weather when the 
pharmacist asks about a prescription because 
someone on the bus talked about the weather a 
few minutes before. Kuperberg adds that people 
with schizophrenia are often unaware of their 
difficulties with communication. 


MAKING SENSE 

It is generally thought that people with schizo- 
phrenia have problems in the way they access 
and mobilize stored meaning, and not in the 
way the meaning is stored in the first place, but 
Titone raises another possibility. Stored mean- 
ing is based on experience of the real world, 
she says, and “people with schizophrenia have 
a different experience with the world’, so per- 
haps the way meaning is stored — the structure 
of it — might play a contributing role. 

We know that the supple nature of language 
itself, with its many nuances and ambiguities, 
can cause problems for people with schizo- 
phrenia. In one study, Kuperberg, who uses 
functional magnetic resonance imaging, 
electroencephalography and other methods 
to study language function in normal and 
abnormal subjects, presented her subjects 
with the following sentence: “Every morning 
at breakfast the eggs would eat.” It’s a crafty lit- 
tle construction in which the individual words 
are semantically related but the whole doesn't 
add up. During experiments that measured 
the brain’s electrical activity, it fooled even 
healthy brains for a few hundredths ofa second 
before the conflict with stored knowledge (the 
implausibility of the sentence) was recognized 
and resolved by additional processing. Unlike 
the control subjects, however, those with schiz- 
ophrenia did not do the extra processing and 

did not register the 
sentence as implausi- 


Language ble. Their ability to do 
dysfunction in the extra work to rec- 
schizophreniais — ognize andresolve the 
aperfectstorm conflict was impaired. 
of complexity. The patterns of two 

brain waves measured 


and recorded during 
the experiment — one sensitive to syntax and 
one to stored knowledge — suggested that, in 
the schizophrenia patients, an over-reliance on 
stored knowledge trumped the rules. 

“Language is inherently ambiguous,” says 
Titone. “Words point to two different mean- 
ings all the time. It takes a lot more cognitive 
machinery to be able to reduce that kind of 
ambiguity in the moment as we're processing 
or producing language.” People with schizo- 
phrenia, she says, find it particularly difficult 
to cope with this. 

Insensitivity to context (“the eggs would eat”) 
is a factor not only in comprehension, but also 
in the way language is produced. In normal 
subjects, context serves as a guide when recruit- 
ing neural networks — it’s how you distinguish 
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between various meanings of the word ‘bear’, 
for example. In people with schizophrenia, a 
reduced ability to use context helps foster loose 
associations. “If you have an incoming signal 
that triggers, in some very knee-jerk, reflexive 
way, some thought, it’s going to be really hard 
for context to trump that,’ she says. 

Another complication for some people with 
schizophrenia, especially with respect to com- 
prehension, is the fact that humans process 
language word-by-word. This incremental 
processing is very fast, of course, and the nor- 
mal brain must use the context it has already 
built up to process each new word it encounters 
in real time. “To do that,” says Kuperberg, “we 
need to mobilize all our stored world knowl- 
edge really quickly, use it to combine individual 
words together to generate new meaning, and 
then update our real-world knowledge memory 
stores with this new meaning.’ In other words, 
it’s the sort of higher-order language function 
that flummoxes people with the impaired 
semantic memory, working memory and con- 
text insensitivity found in schizophrenia. 


LINGUISTIC ISOLATION 

Kim Mueser, a psychologist at Boston Univer- 
sity in Massachusetts who studies social skills 
in people with schizophrenia, points out yet 
another problem facing the sub-group of people 
with schizophrenia who demonstrate ‘blunted 
affect. These individuals seem emotionally flat 
but actually experience a full range of emotions 
— it’s their ability to communicate them that is 
impaired. “When you talk about social skills,” 
says Mueser, “90 per cent of what people are 
usually talking about are the verbal skills.” 

So, language dysfunction in schizophre- 
nia is a perfect storm of complexity, bringing 
together a dauntingly complicated mental ill- 
ness and an equally complicated higher cor- 
tical function. There is something especially 
cruel in the way schizophrenia cuts people 
off from the simple pleasures of conversation 
and denies them the comfort of sharing their 
thoughts and feelings with others. 

Kuperberg hints at this idea when she departs 
from her scientific discourse to expound excit- 
edly on the everyday miracle of two people talk- 
ing. “You have your world and your agenda and 
your goals,” she says, “and I have my world and 
my agenda and my goals, and we don’t know 
each other, and yet, somehow, through this 
magical thing, this sequence of words, these 
syllables, somehow you are communicating to 
me through this code to somehow update my 
brain with your thoughts. Isn't that cool?” 

Ordered thought, manifest in the beauty 
and wonder of language, is cool indeed. So too 
is the continuing effort of scientists to under- 
stand how that precious gift is lost in people 
with schizophrenia — and maybe one day to 
give it back to them. = 


David Noonan is a freelance science writer 
based in New Jersey. 
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The use of genome sequencers has allowed researchers to identify many targets for possible schizophrenia drugs. 


nravelling complexity 


A massive research collaboration is revealing hundreds of genes underlying 
schizophrenia risk, and may point the way to targeted treatments. 


BY JESSICA WRIGHT 


plot of the genes associated with a psy- 
A chiatric disease isn’t the kind of image 

youd normally find on a T-shirt. But 
at the 2013 Symposium on Emerging Genet- 
ics and Neurobiology of Severe Mental IIl- 
ness, held in September at the Broad Institute 
in Cambridge, Massachusetts, more than 250 
attendees snatched up garments displaying 
just such an image, along with the catchphrase 
“Schizophrenia genetics — a reality at last!” It’s 
a clear sign that schizophrenia researchers are 
excited about recent advances in pinpointing 
the genetic causes of the disease. 

Seven years ago, they had all but given up 
on this type of genetic analysis, which links 
single nucleotide changes in a gene with the 
likelihood of developing a disorder. Genome- 
wide association studies (GWAS) were failing 
to identify schizophrenia genes with statistical 
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certainty. But in the past two years, researchers 
have identified more than 100 genome-wide 
significant hits, implicating almost 700 genes. 
That tally may soon grow into the thousands. 
This remarkable progress has rekindled hope 
that researchers may be able to use genetics to 
identify targets for schizophrenia drugs. 

Studies on twins have shown that as much 
as 80% of the risk of developing schizophrenia 
comes from the genes. But pinpointing targets 
for drug developers has proved an elusive goal. 
Asaresult, most schizophrenia drugs treat only 
the overt symptoms — the imaginary voices 
and other elements of psychosis — and do little 
to address the broad effects on the brain. They 
also have severe side effects. “Pharmaceutical 
companies have almost given up on the central 
nervous system entirely,’ says Steven Hyman, 
director of the Broad Institute’s Stanley Center 
for Psychiatric Research. But now, he says, this 
may be about to change. 


Much of the progress comes from technolo- 
gies that allow researchers to scan large swaths 
of the genome to reveal unexpected genetic 
links, instead of looking only at individual 
genes. In addition, schizophrenia researchers 
have turned to the methods of ‘big science; 
banding together to generate statistical power. 

The driver behind this effort is the Psychiat- 
ric Genomics Consortium (PGC), which pools 
genetic data from researchers at 60 institutions 
in 19 countries. The PGC is collecting genomes 
focusing on five psychiatric disorders, includ- 
ing autism and attention deficit hyperactivity 
disorder (ADHD). But the number of genomes 
collected for schizophrenia surpasses the others: 
nearly 40,000 at a recent count. 

The high level of collaboration for schizo- 
phrenia reflects the fact that most participants 
know how hard itis to unravel this complexity 
alone, says Patrick Sullivan, a geneticist at the 
University of North Carolina, Chapel Hill, and 
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the PGC’s lead investigator. “We had to come 
together as a field” 

The early findings reveal that schizophre- 
nia results from mutations in multiple genes 
working together in different combinations. 
As researchers unearth more gene candidates, 
they are discovering biological pathways that 
may serve as entry points for drug therapies. 
“The scale of the polygenicity is surprising,” 
says Steven McCarroll, a geneticist at Harvard 
Medical School in Boston, Massachusetts. 
“But the exciting thing is that these genetic 
hits aren't just random hits on the dartboard 
of the genome. They are aggregating in specific 
molecular complexes and pathways.” 


COMMON AND RARE 

The first hits identified in schizophrenia were 
so-called rare variants — genetic mutations 
that usually have strong effects on their cor- 
responding proteins. These mutations, which 
nearly always lead to symptoms and are fairly 
easy to identify, are often found in an affected 
individual but not in their unaffected parents 
or siblings. Studies suggest that rare variants 
account for up to 20% of schizophrenia cases. 
The remaining genetic hits are likely to be 
common variants, which are found throughout 
the population and have relatively mild effects, 
but in combination may be sufficient to tip the 
scales towards schizophrenia. Individuals may 
also have a combination of both variants. 

It makes sense that variants with mild effects 
may be important, as many are in genes that 
influence crucial pathways, such as the signal- 
ling junctions between neurons. But schizo- 
phrenia is not characterized by the severe 
intellectual disability and epilepsy that is a 
hallmark of disrupted brain pathways. In fact, 
people with schizophrenia tend not to develop 
problems until adolescence. “The synapse is a 
hugely complicated machine — how can we 
mess with it in such a way that we can get a 
disorder where people develop normally for a 
couple of decades?” asks Sullivan. 

Until recently, researchers didn't have the 
statistical power needed to test common vari- 
ants’ influence in schizophrenia. But the sheer 
number of participants gathered through the 
PGC allows researchers to pinpoint individual 
variants that contribute to schizophrenia risk. 

In a 2013 Nature Genetics study, Stephan 
Ripke, a geneticist at the Broad Institute, and 
colleagues analysed the genomes of more than 
21,000 individuals with schizophrenia’. They 
identified 22 variants associated with schizo- 
phrenia at the level of genome-wide signifi- 
cance. At the Broad conference, Ripke presented 
— and wore — the latest data from this project: 
an analysis of 35,000 people with schizophre- 
nia and 47,000 controls that has yielded more 
than 100 statistically significant hits implicat- 
ing 672 genes. In the next year, the consortium 
aims to have analysed 100,000 genomes. 

One of the new hits is in the gene DRD2, 
which makes a receptor for dopamine, a 


chemical messenger that helps mediate reward. 
The discovery is not surprising, as all the exist- 
ing drug therapies for schizophrenia target the 
dopamine pathway. But it is a proof of principle 
that the PGC can identify useful drug targets. 
DRD2isa “home run example’, says Ripke. “It 
is very valid to assume that among the other 
hits there are other drug targets.” 

Common variants are present throughout 
the population, so researchers suspect they 
work in combination with environmental fac- 
tors. “It may be that neuronal function is per- 
fectly fine under most circumstances, but if a 
body of neurons gets stressed in a certain way 
that can tip a person over,’ says Sullivan. 

To discern the environmental contribu- 
tion to schizophrenia’s genetic risk, the PGC 
is collaborating with epidemiologists Preben 
Bo Mortensen at Aarhus University in Den- 
mark and John McGrath at the University of 
Queensland in Australia. Mortensen has access 
to genetic information from 2.2 million people 
born in Denmark since 1981 who had blood 
collected at birth. His group aims to develop a 
polygenic risk score for 85,000 of them, predict- 
ing each individual's likelihood of developing 
schizophrenia from their composition of com- 
mon variants. The researchers will also survey 
other factors linked to schizophrenia risk, such 
as low birth weight or low vitamin D levels, 
enabling them to tease apart the genetic and 
environmental contributions to schizophrenia . 


OPENING THE EXOME 

Despite the explosion of knowledge about com- 
mon variants, some researchers continue to 
see the most promise in rare mutations. These 
mutations can reveal pathways that are unde- 
niably implicated in the disorder, says David 
Goldstein, a geneticist at Duke University in 
Durham, North Carolina. “The part of the 
genetic architecture I’m interested in is where 
asmaller set of higher-impact mutations imply 
risk that I can study biologically and use as 
guidance for drug development,’ he says. 

To search for rare variants that remove, insert 
or change single DNA nucleotides, research- 
ers are sequencing exomes, the protein-coding 
regions of the genome. Today’s exome studies 
still have too few sequences to reveal a statisti- 
cally significant role for a particular gene. But 
they do implicate certain pathways, such as the 
development and migration of new neurons 
and signalling through NMDA (N-methyl-p- 
aspartate) receptors. The studies also suggest an 
important role for proteins at the receiving ends 
of synapses (the postsynaptic density). 

The two largest exome-sequencing studies in 
schizophrenia so far were published in Nature 
in January 2014. In one, researchers sequenced 
the exomes of 623 people with schizophrenia 
and their unaffected parents”. The other looked 
at the exomes of 2,546 genes associated with 
schizophrenia or other psychiatric disorders 
in more than 5,000 people, divided between 
those with schizophrenia and controls’. Both 
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studies found several hits in genes regulated by 
the fragile X mental retardation protein, which 
is missing in fragile X syndrome, a disorder that 

can lead to intellectual disability and autism. 
Rare spontaneous mutations may also take 
the form of copy number variants (CNVs) 
— duplications or deletions of stretches of a 
chromosome. Roughly one in 20 people with 
schizophrenia have CNVs of more than 100 
kilobases*. Each CNV spans a number of genes, 
one or many of which may be associated with 
the disorder. Those implicated in schizophrenia 
tend to encompass genes that also playa role in 
the postsynaptic density and NMDA signalling. 
The most well known of these CNVs, a 
3-megabase deletion in the 22q11.2 chromo- 
somal region, leads to schizophrenia or psy- 
chosis about 25% of 


“Schizophrenia the time. One recent 
genetics —a study suggests that 
reality at last!” duplication of this 


region may protect 
against schizophrenia 
while increasing the risk of autism*, demon- 
strating the complex and overlapping relation- 
ships in the genetics of psychiatric disorders. 

Indeed, different genetic analyses are high- 
lighting some of the same genes and pathways. 
Both the PGC GWAS and the recent exome 
studies, for example, identified multiple hits for 
genes involved in the L-type calcium channel, 
which controls muscle and cardiac activity. The 
multiple hits in these calcium-channel subu- 
nits, using different genetic analyses, suggest 
that these may be the most promising potential 
therapeutic targets discovered so far. 

Researchers hope to find more targets as they 
identify further gene candidates. To push their 
statistical power even higher, a team at PGC 
designed the Psych Chip — a device that makes 
it cheaper to screen the genomes of a large 
number of individuals (roughly US$50 per per- 
son). The chip covers 60,000 common and rare 
variants that were implicated in schizophrenia 
in previous studies but fell short of statistical 
significance. It also covers genes within CNVs. 
The researchers aim to test 100,000 individu- 
als with psychiatric disorders in the next year. 
Based on results so far, this analysis should gen- 
erate at least four more statistically significant 
hits for every 1,000 individuals, says Ripke. 

Two years from now, researchers will need a 
larger T-shirt to flaunt their findings. “Its becom- 
ing clear that we are far from the end of the dis- 
covery step,” says Ripke. “A hundred hits will 
not be the answer. There will be many hundreds 
ifnot thousands, which frightens many people. 
But we are definitely not slowing down.” = 


Jessica Wright is a freelance science writer 
based in New York City. 
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Rodents are used to test drugs designed to correct cognitive deficits in people with schizophrenia. 


| DRUG DEVELOPMENT | DEVELOPMENT 


The modelling 
challenge 


Researchers have made good progress with 
animal tests for cognition. The next step is to 
devise arodent model for drug development. 


BY ALLA KATSNELSON 


hen Patricio O'Donnell started his 
lab in 1997 at Albany Medical Col- 
lege in New York, schizophrenia 


research seemed to be moving forward after a 
long period of stagnation. 

For several decades, attention had focused 
on the idea that the disease was caused by ele- 
vated dopamine levels in the brain, particularly 
in the striatum, a nugget of brain tissue nestled 
under the cortex. But by the 1990s, the dopa- 
mine hypothesis was proving inadequate to 
fully explain the disease. In vivo imaging with 
computed tomography and magnetic reso- 
nance imaging, and data from post-mortem 
studies in people with schizophrenia, pointed 
to cortical effects and implicated other neu- 
rotransmitter systems, such as glutamate and 
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serotonin. Biologists were also learning to cre- 
ate transgenic mouse models of the disease, 
providing a set of tools with which to investi- 
gate genetic and aetiological factors. 

This proliferation of ideas opened the doors 
to fresh avenues of investigation, as well as new 
ways of modelling the disease in animals. The 
classical rodent model for schizophrenia had 
involved administering amphetamine — which 
ramps up dopamine levels in synapses and can 
cause hallucinations and delusions in people 
— and then measuring behaviours such as 
hyperactivity or passive avoidance. Research- 
ers then began using 


other pharmacologi- 

cal agents, such as_ More onusing 
phencyclidine (PCP) animal modelsto 
and ketamine, which __ fight disease here: 


interfere with the 


glutamate receptor NMDA, or knocking out 
specific genes, such as those that code for neu- 
rotransmitter receptors. 

O’Donnell was captivated by one particular 
approach that entails chemically damaging 
part of the hippocampus in newborn animals. 
Rodent pups who receive this intervention 
initially appear normal, but they later become 
socially withdrawn and overly responsive to 
stress, and their cortices show some of the phys- 
iological changes observed in post-mortem tis- 
sue. These findings reflect the now-accepted 
hypothesis that schizophrenia is a develop- 
mental disorder. “What made it attractive to me 
was that even though the lesion was done really 
early in development, all these behavioural 
abnormalities didn't emerge until adolescence,’ 
says O'Donnell, now vice-president and head of 
psychiatry and behavioural disorders at Pfizer 
Neuroscience in Cambridge, Massachusetts. 

Attempts to mimic the symptoms or under- 
lying physiological effects of schizophrenia 
have multiplied since then. As genome-wide 
association studies began pinpointing genes 
associated with the disease (see ‘Unravel- 
ling complexity, page S6), researchers have 
knocked out or perturbed those genes in mice. 
Others have looked at environmental stress- 
ors, such as prenatal infections, early social 
isolation or stress, or lesions, like the ones 
O’Donnell used in the hypothalamus. And 
others give animals drugs such as ampheta- 
mine, ketamine and PCP. Some researchers 
have begun combining some of these manipu- 
lations — delivering an environmental stressor, 
for example, to mice lacking a particular schiz- 
ophrenia-associated gene. 

But when it comes to developing drugs, 
which are the best models? “There are so many 
risk factors, so many changes — the dopamin- 
ergic system, serotonin, GABA, you name it,” 
says Thomas Steckler, a behavioural neurosci- 
entist at Janssen Research and Development in 
Beerse, Belgium, who works in drug discovery. 
“We just don't know what best to model” 


BEYOND ‘ME T00” 

An animal model has two components: the 
manipulation that mimics some aspect of the 
disease, and the test — behavioural or otherwise 
— that measures the deficit that the manipula- 
tion produces. Schizophrenia researchers are 
getting a handle on the latter, but there's much 
less clarity regarding the former. 

For years, schizophrenia drug discovery 
efforts were aimed at treatments for psychosis 
and delusions because new compounds could 
be tested against the two classes of antipsychot- 
ics — the only medicines licensed to treat the 
disease — that were already on the market. 
Unsurprisingly, that strategy was unproduc- 
tive. “If you have models and all they are doing 
is comparing new approaches with what’s 
already there, how can you move forward?” 
says neuroscientist Bita Moghaddam of the 
University of Pittsburgh in Pennsylvania. “All 
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we have done is make ‘me too’ drugs for the 
past 40 or 50 years.” 

But in the past 15 years, studies have shown 
that the disease has other core features that are 
at least as important as psychosis: difficulties 
with working memory, poor attention, and 
other cognitive symptoms. Drug discovery 
efforts have shifted accordingly, making some 
aspects of animal modelling more straightfor- 
ward. “Modelling psychosis or negative symp- 
toms [such as lack of emotion or motivation] 
is tremendously difficult, whereas we know an 
awful lot about cognition and brain systems in 
animals, and we know a lot of it translates to 
humans,’ says Trevor Robbins, a cognitive neu- 
roscientist at the University of Cambridge, UK. 

His lab and others have devised behavioural 
tests of cognitive processes in animals that can 
be matched to tests of cognitive processes in 
people with schizophrenia. One test, for exam- 
ple, probes attention by how accurately rodents 
respond to a brief stimulus in one of five loca- 
tions in a cage, and how well they combat 
impulsivity by not responding before the stim- 
ulus occurs’. Two major collaborative projects 
aimed at boosting drug discovery efforts for 
cognitive symptoms of the disease are working 
on validating these tasks so researchers can be 
sure they are using comparable procedures and 
tapping into the right cognitive modalities. In 
the United States, researchers working within 
an effort called CNTRICS (Cognitive Neuro- 
science Treatment Research to Improve Cogni- 
tion in Schizophrenia), funded by the National 
Institute of Mental Health, recently agreed on 
a handful of tasks that most accurately reflect 
each of six different cognitive or behavioural 
domains, such as working memory, executive 
function and motivation’. 

Meanwhile, as part of a €20 million 
(US$28 million), five-year public-private 
partnership in Europe launched in 
2009, eight key industry players includ- 
ing Janssen, Eli Lilly and Novartis have 
joined forces to standardize a set of 
behavioural tasks that can be used in 
preclinical testing of new drugs. The col- 
laboration, called NEWMEDS (Novel 
Methods leading to New Medications 
in Depression and Schizophrenia), had 
multiple participants do the same tasks 
to make sure their procedures aligned. 
“We started off with object recognition,” 
says Mark Tricklebank, a behavioural 
neuroscientist at Eli Lilly in Surrey, UK, 
who is coordinating the animal model 
part of NEWMEDS. “We found that 
everybody was doing it in a slightly dif- 
ferent way,’ he says. Researchers were 
using different-sized testing spaces and 
objects, for example, or testing at differ- 
ent times of the day. It took NEWMEDS 
several months per task to hammer out 
shared protocols. There is consider- 
able overlap between the tests used by 
CNTRICS and NEWMEDS, but because 


NEWMEDS goal is industry testing, it focused 
on touchscreen versions of the tasks. 

“We are at a stage where we can reason- 
ably well test our animals in paradigms that 
we at least think tap into the same cognitive 
domains” as they do in humans, says Steck- 
ler. Solving the other side of the animal model 
equation, however — howto produce a deficit 
in an animal that a drug must reverse — will 
be much tougher, he says. 


CAUSES AND DEFICITS 
Having such a wide range of manipulations 
available should provide the means to test bio- 
logically based hypotheses, says O’Donnell. 
One hallmark of the disease, for example, is the 
loss of a specific population of interneurons in 
the frontal cortex, a feature that is also present 
in many animal models. To determine whether 
targeting this mechanism will ameliorate dis- 
ease symptoms, drug candidates need to be 
tested on this particular feature in animal mod- 
els. But so far, he says, industry tests its drugs 
largely with older classical models, inducing 
symptoms with pharmacological agents. “Even 
though companies are adopting ideas coming 
from animal work,’ O'Donnell says, “the use of 
biology-specific models is not there yet.” 

That's changing, says Steven Siegel, director 
of the translational neuroscience programme 
at the University of Pennsylvania in Philadel- 
phia. He says that industry researchers have 
reached out to his group and others to discuss 
potentially useful and reproducible models, 
and some companies are investing heavily in 
setting them up. 

On the flip side, however, industry research- 
ers contend that studies from academia are not 
always reproducible. Steckler cites the case 


Monitoring the behavioural patterns of humans (top) and mice. 
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where a university scientist identifies a cogni- 
tive deficit ina mouse in which a schizophrenia 
risk gene was knocked out. “That's your deliver- 
able in academia; what you do with these data 
is you publish them,’ Steckler says. In industry, 
by contrast, that result must be more repeatable 
and robust, he says. But there's a catch: with no 
compound available that improves cognition 
in people with schizophrenia, it’s unclear what 
to test models against. 

In addition to its work on cognitive para- 
digms, NEWMEDS is trying to tackle the 
animal models issue from this end. The group 
has focused on trying to standardize a lesion 
manipulation in which pregnant rats or mice 
are injected with methylazoxymethanol ace- 
tate, which briefly blocks cell division in the 


developing embryos. 
“The difficulty a a 
is diagnosing ee an : = 
which animals € animals begin to 
i show many hallmarks 
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inth as cortical thinning, 
silat o fe ventricular enlarge- 
drug trial. ment, the loss of a 


subset of interneurons 
in the frontal cortex, and cognitive changes. 

Despite using animals that were bred and 
injected at the same facility maintaining proto- 
cols that are as close as possible among partici- 
pating companies, the outcome varies — and 
some animals don't show the expected behav- 
ioural changes at all. That creates a problem 
when it’s time to test them a year later. “The 
difficulty is then accurately diagnosing which 
animals to include in the drug treatment, so 
that you can be sure to have a deficit to cor- 
rect in the pharmacological trial, Trickle- 
bank says. The group is incorporating 
brain activation and other physiological 
measures that could also reflect whether 
a drug is having an effect. Results with 
genetic models have faced similar chal- 
lenges, Tricklebank says, but he hopes 
the group will agree some standardized 
manipulations before its funding ends 
later in 2014. 

Even if all these issues were resolved, 
says Tricklebank, there’s still a big leap 
as to whether drug activity in an animal 
model predicts its activity in humans. 
Still, validating every step offers the best 
hope for success. Robbins, the academic 
leader of NEWMEDS’ animal model 
efforts, agrees. “As far as ’m concerned, 
we're just at the beginning ofa real sci- 
entific attack on these issues.” = 


Alla Katsnelson is a freelance 
science writer based in Northampton, 
Massachusetts. 
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Daniel Horan was miserable until magnetic brain stimulation helped him get his life back on track. 


THERAPEUTICS 


Negative feedback 


Schizophrenia debilitates not just by psychosis but 
by depriving people of the ability to feel pleasure. 


BY ELIE DOLGIN 


aniel Horan was 20 years old and 
D studying to be a chemical engineer 

at the University of New Hampshire 
in Durham when he started to believe he had 
the power to read minds. He was also hear- 
ing voices and had an elevated sense of self- 
importance. After a confrontation with his 
roommate in 1998 — around the time that 
Horan believed he was “the devil in hell sur- 
rounded by fallen angels” — Horan was sus- 
pended from the university. Psychiatrists soon 
diagnosed him with schizophrenia. 

Horan started taking an antipsychotic drug 
called risperidone, which made him go from 
feeling “sky high” to “extremely depressed”; he 
recalls. Blaming the emotional downturn on 
the drugs, he stopped taking the risperidone. 
His delusions soon returned and he was hos- 
pitalized again. Horan switched medications 
to another antipsychotic called olanzapine. 
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Once more, he felt a lack of motivation and 
even suicidal thoughts. He stopped taking the 
olanzapine but soon found himself at an in- 
patient psychiatric centre. 

Throughout these episodes in and out of 
the hospital, Horan assumed that his blunted 
emotions and lack of motivation were simply 
side effects of the antipsychotic drug therapy. 
He was wrong. Such ‘negative symptoms are 
actually an integral and primary feature of 
the disease, experienced by around 20% of 
people with schizophrenia. “Everyone talks 
about the positive symptoms — the hallu- 
cinations, the delusions and the paranoia,’ 
says Horan, now 36 and an auctioneer selling 
antique clocks and watches in Windham, New 
Hampshire. “T didn’t realize there was another 
side to schizophrenia.” 

Flat affect, social withdrawal, inability to 
feel pleasure — these are often a huge barrier 
preventing people with schizophrenia from 
living independently, holding down jobs, 


establishing personal relationships or manag- 
ing everyday social situations. But there are 
no existing therapies, pharmaceutical or oth- 
erwise, that are approved to treat the negative 
symptoms of schizophrenia. 

“We have very little that we’re able to offer 
patients for these symptoms,’ admits Steven 
Zalcman, head of the Clinical Neuroscience 
Research Branch at the US National Institute 
of Mental Health in Rockville, Maryland. Anti- 
depressants are better than nothing, but the 
benefit they provide is usually modest at best. 

Fortunately, new therapeutic options could 
be on the way. Horan, for his part, recently 
participated in a clinical trial designed to 
test whether a non-invasive magnetic brain- 
stimulation technique could help with the 
negative symptoms of his disease. Others are 
involved in studies evaluating new drugs or 
innovative forms of psychosocial treatment. 

Success with one of more of these therapies 
in mitigating the recalcitrant negative symp- 
toms of schizophrenia should dramatically 
enhance the total management of the disease, 
says Stephen Marder, director of the Section on 
Psychosis at the University of California, Los 
Angeles, Neuropsychiatric Institute. “It would 
transform treatment” 


NO GOOD 

The arrival of a new class of ‘atypical’ anti- 
psychotics in the late 1980s was supposed to 
solve the problem of negative symptoms. But 
as Horan’s experience shows, these drugs were 
not the solution. Indeed, despite early reports 
of benefit, subsequent meta-analyses and well- 
controlled trials showed no reduction in pri- 
mary negative symptoms from these agents. 

Over the years, many other types of medica- 
tion have been examined as potential adjunct 
treatments for negative symptoms. Nearly all 
have failed. The most recent drug flops came 
from Targacept in Winston-Salem, North Car- 
olina, and from the Swiss pharmaceutical giant 
Roche. Each had experimental compounds in 
mid- or late-stage development for what many 
considered to be the two most promising drug 
targets for controlling negative symptoms. In 
recent months, each released trial data show- 
ing that their drugs proved no better than pla- 
cebo pills. 

Results like these “make the task of finding 
truly novel treatments for negative symptoms 
of schizophrenia that much more daunting’, 
says Jeffrey Lieberman, psychiatrist in chief at 
New York Presbyterian Hospital-Columbia 
University Medical Center in New York. Yet 
even though the specific drugs may have had 
their flaws, Lieberman doesn’t think the tar- 
gets are necessarily the wrong ones. “We must 
persevere,’ he says. 

The target pursued by Targacept was the 
alpha-7 nicotinic acetylcholine receptor, 
which is activated by the neurotransmitter ace- 
tylcholine and by nicotine. Studies show that 
individuals with schizophrenia have serious 
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reductions in alpha-7 receptors in several 
regions of the brain. Many people with schizo- 
phrenia overcome their lack of alpha-7 recep- 
tors by smoking cigarettes — often heavily. 

Research has found that some schizophrenia 
patients smoke to self-medicate, as it relieves 
their negative symptoms. Nicotine is hardly 
an ideal therapeutic agent, however. As well 
as the health risks of smoking, nicotine is an 
addictive substance to which people develop 
tolerance. This limits the long-term benefits 
of nicotine and it’s why scientists have been 
working on less toxic and more chronically 
effective treatments that make alpha-7 recep- 
tors more responsive to naturally occurring 
acetylcholine. 

The proof-of-principle that activating the 
alpha-7 receptor with a small-molecule drug 
could ameliorate negative symptoms came 
from Robert Freedman, a psychiatrist at the 
University of Colorado School of Medicine 
in Aurora. Freedman and his colleagues ran a 
trial that involved 31 people with schizophrenia 
who received either placebo pills or twice-a-day 
doses of DMXB-A, which is a partial agonist of 
the alpha-7 receptor’. The researchers expected 
the treatment to improve cognitive impair- 
ments associated with schizophrenia, such as 
trouble focusing or problems with working 
memory, but they observed more consistent 
benefits in negative symptoms. 

Targacept initially saw the same effect 
with its activator of the alpha-7 receptor. In a 
12-week, 185-person trial led by Lieberman, 
treatment with the Targacept drug led to sig- 
nificant improvements in negative symptoms 
compared with placebo’. But in a 477-person 
follow-up study, the drug offered no such ben- 
efit. Targacept officials announced the failed 
trial results in December 2013. 


TRICKY BUSINESS 

Despite the clinical setback, Lieberman still 
sees potential in activating the alpha-7 receptor. 
“It’s a viable target,” he says, “but it’s very tricky 
to engineer a compound that will be optimally 
effective.” Freedman agrees. He thinks Targa- 
cept’s once-a-day drug was probably too strong 
and long acting. Thus it engaged the alpha-7 
receptor but did not disassociate fast enough, 
leading to a diminished response known as 
desensitization. 

Although drug companies generally prefer 
to make once-a-day pills, patients in this set- 
ting might need to take shorter-acting drugs 
more often. “Maybe this therapeutic principle 
will work best if you get a couple of good hits 
of drug a day,” says Freedman, who is now 
running an 80-person trial testing DMXB-A 
given four times per day. A handful of other 
companies have alpha-7 activators in various 
stages of clinical development, but they are all 
now being pursued primarily for cognitive 
enhancement, rather than to alleviate nega- 
tive symptoms, says Harry Tracy, the editor 
and publisher of NeuroPerspective, a monthly 


publication focused on treatments for neuro- 
logical and psychiatric diseases. 

Roche, meanwhile, was banking on a differ- 
ent therapeutic target: the glycine transporter 1 
(GlyT1) protein found on glial cells in the brain. 
When the protein is blocked, more of the amino 
acid glycine stays in the synapse. The glycine 
then activates NMDA (N-methyl-p-aspartate) 
receptors, which are involved in the signalling 
of glutamate, an excitatory neurotransmitter 
that’s deficient in people with schizophrenia 
and is thought to underlie many of the nega- 
tive and other symptoms of the disease. 

In 2010, Roche presented data from a 
323-person, phase II trial demonstrating 
improvements in the negative symptoms of 
participants who took the company’s experi- 
mental GlyT1 inhibitor bitopertin for eight 
weeks rather than a placebo pill’. Decision 
Resources Group, a market-research firm in 
Burlington, Massachusetts, started to forecast 
blockbuster sales for the agent. But in Janu- 
ary 2014, Roche dropped a bombshell. The 
company released top-line results for two of 
the three pivotal follow-up trials designed to 
test bitopertin’s impact on negative symptoms. 
In both phase III studies, adding bitopertin to 
antipsychotic therapy for 24 weeks did not 
significantly reduce negative symptoms com- 
pared with placebo. 

As Nature went to press, Roche was awaiting 
data from its remaining studies — one focused 
on predominant negative symptoms, three oth- 
ers on suboptimally controlled positive symp- 
toms — before deciding the fate of bitopertin. 
A few other drug companies are also pursuing 
different ways of modulating glutamate signal- 
ling to combat negative symptoms. 


NOW WE'RE TALKING 

With pharmacological efforts to treat negative 
symptoms facing so many stumbling blocks, 
a number of researchers have begun to test 
non-drug interventions. These include forms 
of psychological techniques used more com- 
monly by mental-health professionals in other 
disease settings, such as cognitive behavioural 
therapy and social skills training, as well as less 
traditional methods, including art therapy and 
so-called loving-kindness meditation. 

Ann Kring and her colleagues at the Uni- 
versity of California, Berkeley, recently sur- 
veyed the literature on psychosocial therapies 
for negative symptoms’. Although empirical 
data are limited, the researchers concluded that 
these treatment techniques hold promise as 
add-ons to medications. “Negative symptoms 
are an area where psychosocial treatments 
could be a wonderful adjunct,’ Kring says. 

So could brain stimulation. In December 
2013, as part of a clinical trial at the Beth Israel 
Deaconess Medical Center in Boston, Massa- 
chusetts, Horan received ten treatments over 
five days of transcranial magnetic stimulation. 
This brain-activating therapy involves placing 
an electromagnetic coil above the scalp and 
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releasing magnetic pulses that cause nerve 
cells to fire. By altering the wiring of dysfunc- 
tional neural networks, this treatment, when 
administered over the left prefrontal cortex to 
people with schizophrenia, has been shown 
to moderately alleviate negative symptoms’. 
Now, a team led by neurologist Alvaro Pascual- 
Leone at Beth Israel Deaconess is testing 
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do before.” the therapy proved 


“revolutionary” for 
some participants, says Mark Halko, one of 
Pascual-Leone’s colleagues. One woman, he 
says, “went from living at home to living inde- 
pendently, holding down a job, making friends 
— all things she didn’t do before the trial.” In 
the follow-up trial, which involves a sham 
treatment to test for a placebo effect, similar 
dramatic responses can be seen in participants 
like Horan. After the first few treatments with 
magnetic stimulation, “it was like a miracle,” 
says Horan, who learned after-the-fact that he 
received the real treatment during the trial. “I 
had verve, pep, enthusiasm.” 

The treatment wasn't a cure, though. In the 
months after the trial, the beneficial effects 
gradually started to wear off for Horan. The 
technique is approved in the United States 
only as a treatment for major depression 
or migraine headaches. But fortunately for 
Horan, his doctors agreed to continue admin- 
istering the therapy off-label. In March 2014, 
Horan received six more sessions of brain 
stimulation over three days at Beth Israel Dea- 
coness. Although “less intense” than his first 
experience, Horan says, “there was definitely 
an improvement.’ 

After years of working part time and receiv- 
ing disability benefits from the government, 
Horan can now see a future where he’s self- 
sufficient. He’s even trying to buy out his busi- 
ness partner at the auction house. The magnetic 
stimulation “gives me a little glimmer of hope 
that I might at least have the health I need,” 
Horan says. “It’s given me a new lease on life.” m 


Elie Dolgin is senior news editor at Nature 
Medicine in Cambridge, Massachusetts. 
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The brain of someone developing schizophrenia (right) typically shrinks more rapidly than normal 
(red colours indicate the highest rates of contraction). 


PREVENTION 


Before the break 


Paying attention to risk factors and warning signs could 
avert some cases of schizophrenia — or at least better 
prepare people for what’s to come. 


BY MICHELE SOLIS 


about her child, Matt. He started off as 

a happy, sweet boy, but grew unusually 
sad at the age of five, when his father left the 
family. He developed problems with think- 
ing and focus at school, and as a teenager he 
became depressed and addicted to drugs. 
Along the way, Farrell took him to see psy- 
chologists and other specialists, hoping that 
if they could solve what she thought was an 
emotional issue about his father, the old Matt 
would return. 

When Matt was 17, he was finally diagnosed 
with schizophrenia. Twenty years on — after 
a bumpy road of hospitalization, therapy and 
antipsychotic medicines — Matt lives on his 
own in Seattle, Washington, works part-time 
at a football stadium, and is close to his family. 
Even though it took more than a decade to fig- 
ure out what was wrong, Farrell says she feels 
lucky. “We got help sooner than most people 
do,” she says. 

Some researchers are now proposing that 
others could be helped much sooner, by being 
alert to signs that unfold during the months 
or even years preceding psychosis. A growing 
number of studies suggest that treating these 
early, muted signs can halve the number of 
people who later develop a break from reality. 
Researchers are also hunting for more concrete 
signs of risk in the brain, blood and saliva to 
better identify those at risk. Pre-emptive treat- 
ment could delay, or even avert, schizophrenia, 


L ike any mother, Farrell Adrian worried 
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and bring psychiatry into the realm of preven- 
tive medicine. 

“Traditionally psychiatry offers too little 
too late,’ says Patrick McGorry, a psychiatrist 
at the University of Melbourne in Australia 
who advocates earlier intervention. “But 
now we see that the path to psychosis is a lot 
more sensitive to intervention than we used 
to think” 

If better predictors of risk are found, and the 
successes of small treatment trials can be repli- 
cated on a larger scale, pre-emptive treatment 
could become an accepted practice in psychi- 
atry, says Jeffrey Lieberman, a psychiatrist at 
Columbia University in New York and presi- 
dent of the American Psychiatric Association. 
“Then it could be a game changer and reduce 
the burden on people with schizophrenia, their 
families and society.” 


SEEDS OF PSYCHOSIS 

Evading schizophrenia is not a new idea. 
Epidemiological studies have identified envi- 
ronmental risk factors that may contribute 
to errors in early brain development that are 
thought to underlie schizophrenia. For exam- 
ple, improving nutrition and avoiding infec- 
tion during pregnancy may prevent some cases 
of the illness, and researchers are considering 
the possibility that 
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‘Born at risk’). Even when schizophrenia has 
taken hold, early treatment after the first epi- 
sode of psychosis can limit the severity of the 
illness and increase the chances of recovery. 

McGorry and others have taken the idea of 
early treatment further, proposing to inter- 
vene at the first suggestive signs of psychosis. 
A person might become suspicious, or start 
to hear a voice, but still recognize that these 
things are not tethered to reality. They may 
withdraw from friends and family, or have 
trouble focusing at school or work. The criteria 
for this ‘at risk category differ slightly between 
researchers, but they all require that a person 
is sufficiently distressed by their symptoms to 
seek help. 

About one-third of people in this at-risk 
category develop psychosis within three years, 
and most are diagnosed with schizophrenia. A 
version of this at-risk category, called attenu- 
ated psychosis syndrome (APS), was consid- 
ered for inclusion as a new diagnosis in the 
recent fifth edition of the Diagnostic and Sta- 
tistical Manual of Mental Disorders (DSM-5), 
one of the most widely used inventories of 
mental illnesses. But most people with APS 
do not actually develop full-blown psychosis, 
so after much discussion the syndrome was not 
included in DSM-5. 

Despite these diagnostic uncertainties, peo- 
ple deemed at risk for psychosis based on their 
behaviour carry marks of their vulnerability 
in their brains. For example, an excess of the 
chemical messenger dopamine ina part of the 
brain called the striatum is thought to drive 
psychosis. A 2011 study’ found that people at 
risk for psychosis had a surplus of dopamine in 
the striatum compared with healthy controls, 
and those with the highest levels were most 
likely to develop psychosis in the next three 
years. Other studies have found that the pre- 
frontal cortex — the brain’s supervisory centre 
— shrinks more than usual in people at risk 
during typical ageing, although not as much 
as in people with schizophrenia. 

“We think we're detecting the early, leading- 
edge indicators of the same processes at work 
in schizophrenia,’ says Tyrone Cannon, a neu- 
roscientist at Yale University in New Haven, 
Connecticut, who conducted the studies on 
the prefrontal cortex. 


TREATMENTS ON TRIAL 

So far, 11 randomized, controlled trials have 
found that treating people at risk results in 
fewer people developing psychosis within one 
year. Mostly small, the trials tested interven- 
tions such as low doses of antipsychotics, cog- 
nitive behavioural therapy (CBT) and omega-3 
fatty acid supplements. 

The earliest trials found that antipsychot- 
ics had beneficial effects, but these are no 
longer seen as a first line of treatment for 
people at risk. “There’s a lot of sentiment, I 
think wisely so, that antipsychotics can easily 
do more harm than good for people who are 
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not actually on the verge of developing a full 
psychotic illness,” says William Carpenter, a 
psychiatrist at the University of Maryland in 
Baltimore. Carpenter oversaw the discussion 
of whether to include APS in DSM-5. 

Instead, studies in the past five years have 
emphasized safer treatments such as CBT, 
an approach that teaches people to recognize 
their own patterns of thinking and to reap- 
praise situations. For example, someone with 
APS who jumps to conclusions about the 
bad intentions of others will learn from CBT 
to recognize this, and not to trust their first 
suspicions but find alternative explanations 
for someone’ behaviour. In 2012, the largest 
CBT trial to date confirmed its ability to stave 
off psychosis in 201 people at risk: 12% of the 
group receiving CBT developed psychosis 
within 18 months, compared with 24% in the 
group that did not get CBT. 

A more peculiar, and preliminary, find- 
ing points to beneficial effects of omega-3 
fatty acid supplements in the form of fish oil. 
Omega-3 fatty acids are components of neu- 
ronal membranes that also dampen inflamma- 
tion and oxidative stress — both suspected of 
contributing to schizophrenia. A 2010 study” 
led by Paul Amminger, a psychiatrist working 
at the Medical University of Vienna in Austria 
and with McGorry in Melbourne, reported 
that only 5% of people at risk who took four 
fish oil capsules a day for 12 weeks developed 
psychosis, compared with 28% who took a 
placebo. Unpublished results suggest that this 
regimen staves off psychosis for at least six 
years, and a larger trial is now seeking to rep- 
licate the finding. 

“People always ask me if omega-3 fatty acids 
will be as good as antipsychotics, but it seems 
they're even better,” Amminger says. Unlike 
the early antipsychotic trials, he notes, those 
taking the supplements also showed improve- 
ments in the way they functioned in daily life. 

“If they replicate that study, it may be the 
most important thing since Thorazine,’ Car- 
penter says, referring to chlorpromazine, the 
first antipsychotic drug, which was introduced 
in the 1950s. 


RECOGNIZING RISK 
To get a better idea of who could benefit from 
treatment, researchers are looking for other 


Fish oil capsules containing omega-3 fatty acids 
may be able to delay the onset of psychosis. 


risk indicators that could more precisely flag 
someone on the path to psychosis. One comes 
from a survey of cognitive abilities, which 
accurately predicted 91% of people who devel- 
oped psychosis and 89% of those who did not’. 
Brain imaging and electroencephalography 
also reveal patterns that start to differentiate 
between those who later develop psychosis and 
those who do not. 

Beyond the brain, levels of the stress hor- 
mone cortisol and profiles of gene expression 
and protein abundance in blood cells are also 
likely candidates. For example, research in 
2013 from the North American Prodrome 
Longitudinal Study (NAPLS), a consortium 
studying the early signs of psychosis and its 
prevention, found higher cortisol levels in 
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information, an algo- 

rithm would spit out a 
number that would provide enough predictive 
power for a clinician to help that person,” says 
Cannon, who directs NAPLS. 

Until then, increasing awareness among 
healthcare professionals of the early behav- 
ioural signs of psychosis risk could help a 
lot. Given that most mental illnesses appear 
between 12 and 25 years of age, McGorry has 
spearheaded the creation of youth mental- 
health centres in Australia that provide a 
friendly place for young people to get support 
for any kind of problem, not just the early stages 
of psychosis. 

Even in the United States, where people typi- 
cally have to reach a crisis point before receiv- 
ing mental health care, things may be changing, 
thanks in part to the horror of recent gun vio- 
lence carried out by people presumed to be 
mentally ill. Prompted by the tragic shootings 
in Newtown, Connecticut, in 2012, the state of 
Maryland has recently funded the creation of 
a youth mental-health programme similar to 
those in Australia. “I expect a mushrooming of 
these sorts of early identification and interven- 
tion centres,’ Carpenter says, “which wont wait 
on the science.” m 


Michele Solis is a freelance science writer 
based in Seattle, Washington. 
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BORN AT RISK 
Prevention in the womb 


Schizophrenia strikes nearly 1% of the 
world’s population, but affects certain 
people more than others. Someone born 
during the winter months, for example, 
has a higher risk of schizophrenia than 
someone born in the summer. And 
dark-skinned people living in northern 
countries are three to four times 

more likely to develop schizophrenia 
than light-skinned natives. “Those 
clues scream out that there must be 
modifiable risk factors underpinning 
those gradients, and we need to find 
out what they are,” says John McGrath, 
an epidemiologist at the University of 
Queensland in Brisbane, Australia. 

McGrath has been investigating 
the case of dark-skinned migrants, 
starting with the hypothesis that their 
increased risk may be due to a lack of 
vitamin D, which is important for proper 
brain development and is often lacking 
in dark-skinned people in northern 
countries. He found that in Denmark, 
abnormal levels of vitamin D at birth 
were associated with an increased 
incidence of schizophrenia. If a larger 
study currently underway confirms this 
connection, McGrath thinks it might be 
worth monitoring vitamin D, particularly 
in dark-skinned migrant populations. 

Seasonal infections such as influenza 
could partly explain the higher risks 
faced by those born in winter. Pregnant 
women may pass these infectious 
agents to their unborn child, where 
they could affect brain development. 
Alan Brown, a psychiatrist at Columbia 
University in New York, has found 
that while mothers were pregnant 
with babies who eventually developed 
schizophrenia, they showed abnormally 
high levels of antibodies to the influenza 
virus in their blood. 

These findings point to the 
importance of nutrition and avoiding 
infection during pregnancy, which 
are already prominent messages for 
having a healthy baby in the developed 
world. These guidelines may already 
be reducing schizophrenia incidence 
in developed nations, and extending 
them to developing countries may bring 
further decreases. 

“Many of the big medical advances — 
say, in cardiovascular disease or cancer 
— have come through changes in our 
diet and behaviour,’ McGrath says. 
“There’s no reason to think that mental 
illness would be any different.” M.S. 
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A rural lifestyle and lack of stigma might help Indians recover faster from schizophrenia. 


DEVELOPING COUNTRIES 


The outcomes 


paradox 


Schizophrenia patients in developing countries 
seem to fare better than their Western counterparts. 
Researchers are keen to find out why. 


BY T. V. PADMA 


he pattern for most diseases is clear: the 

| richer and more developed the country, 

the better the patient outcome. Schizo- 
phrenia appears to be different. 

This paradox first came to light 40 years 
ago. Studies from Mauritius and Sri Lanka 
appeared to show better outcomes than devel- 
oped countries: patients experienced fewer 
delusions and hallucinations, less disorganized 
speech, and improved social functioning. But 
these studies lacked standardized diagnostic 
criteria and assessment methods, and had 
varying attrition rates. 

In the late 1960s, in an effort to standardize 
research methods, the World Health Organiza- 
tion (WHO) launched the first of the follow- 
ing three landmark international studies: the 
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International Pilot Study of Schizophrenia 
(IPSS); the Determinants of Outcomes of 
Severe Mental Disorders (DOSMeD); and the 
International Study of Schizophrenia (ISoS). 

The IPSS enrolled a total of 1,202 patients 
in nine countries: three developing countries 
(Colombia, India and Nigeria) and six devel- 
oped ones (Denmark, Taiwan, the United 
Kingdom, the United States, the Soviet Union 
and Czechoslovakia). The patients’ outcomes 
were assessed by using three indicators — the 
percentage of time with psychosis symptoms, 
the type of remission after each episode, and 
the degree of social 
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India had the most success, with 42% of cases 
reporting ‘best’ outcomes, followed by Nigeria 
with 33% of cases. By contrast, the developed 
countries had poor showings: ‘best’ outcomes 
were seen in only 17% of cases in the United 
States, and in fewer than 10% in the other 
developed nations. 

Beginning in the early 1980s, the DOSMeD 
study examined schizophrenia incidence, 
prevalence and outcomes in 12 centres across 
10 countries (the IPSS countries plus Ireland). 
Its 1,379 patients were assigned to 1 of 9 cat- 
egories, ranging from a single episode of psy- 
chotic illness followed by complete remission, 
to continuing illness. The study found that 
developing countries had higher rates of com- 
plete recovery: an average of 37% compared 
with 15.5% in developed countries. The rates 
of chronic illness, however, were similar: 11.1% 
in developing and 17.4% in developed coun- 
tries. Patients in developing countries expe- 
rienced longer periods of unimpaired social 
functioning, even though far fewer of them 
were on continuous antipsychotic medication. 
The researchers concluded that “a strong case 
can be made for a real pervasive influence of 
a powerful factor which can be referred to as 
‘culture’ in the context of gene-environment 
interactions that influence a disease. The con- 
tribution of the present study is not in provid- 
ing the answer but in clearly demonstrating the 
existence of the question.” 

The ISoS study returned to the IPSS and 
DOSMeD patients after 15 and 25 years, and 
included two other groups, to test whether 
the better outcomes observed in the previous 
studies continued in the long term. It traced 
about 75% of the patients, finding that about 
half had favourable outcomes, but there was 
wide variation across different centres. The 
study concluded that socio-cultural conditions 
can modify the long-term disease course, and 
that early intervention programmes with social 
and pharmacological treatments could have 
longer-term benefits. 


VARIABLE RESULTS 
These WHO studies were far from perfect, 
however. The IPSS studies looked only at 
patients in psychiatric facilities, and so may not 
represent the wider population. The DOSMeD 
study, in contrast, actively sought out patients 
not in such facilities. All the studies experi- 
enced high attrition rates from participants in 
developing countries, for reasons ranging from 
premature death to losing track of patients. 
Unfortunately, these drop-outs biased the 
results, as it was generally the ‘worst’ patients 
who dropped out. Patient selection and assess- 
ment of social functioning also varied. But 
despite these reservations, the idea that culture 
affects schizophrenia outcomes — and that 
developing countries perform better because 
of their culture — persisted. 

In 2009, psychiatrist Parmanand Kulhara 
of the Postgraduate Institute of Medical 
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Education and Research in Chandigarh, India, 
reviewed 58 schizophrenia studies to compare 
outcomes from developed and developing 
nations’. With a few exceptions, he found 
that developing countries have a larger pro- 
portion of patients (50-60%) with good out- 
comes than developed countries in follow-up 
examinations after two and five years. These 
differences persisted beyond 15 years, but to 
a lesser extent. “Despite the controversies sur- 
rounding the favourable outcome hypothesis, 
we believe that the evidence arising from vari- 
ous studies cannot be simply dismissed,” his 
review concluded. 

Nevertheless, some scientists remain scep- 
tical. One of these is Vikram Patel, a public- 
health psychiatrist at the London School of 
Hygiene and Tropical Medicine. To look for 
trends within and between countries, Patel 
and his colleagues analysed’ data from 23 
longitudinal schizophrenia studies covering 
11 low- and middle-income countries. They 
found inconsistent results based on different 
time frames that make direct comparisons 
difficult. For example, the proportion of peo- 
ple with chronic schizophrenia ranged from 
4.5% over five years in India to 51.7% over 
12 years in China. The disease pattern var- 
ied over time with patients shifting between 
best, worst and intermediate categories sev- 
eral times over the years. Disability and social 
outcomes also varied, being good in India 
and Indonesia, but poor in Brazil, China 
and Ethiopia. Patients in India fared better 
than in those countries, but good outcomes 
could not be generalized to other developing 
countries. Patel’s analysis concluded that it 
was “time to re-examine presumed wisdom 
about schizophrenia outcomes in low- and 
middle-income countries”. 


CULTURAL CONTEXT 

Even if the schizophrenia paradox is con- 
fined to India, the explanation is no clearer. 
“Patients seem to be doing better in poorer 
countries, despite limited resources such as 
health facilities and health infrastructure, and 
treatment facilities,” Kulhara says. This could 
be due to a different socio-cultural milieu in 
developing countries with a greater depend- 
ence on family members for care and support, 
and to better social support and social net- 
working. However, Kulhara adds, “these vari- 
ables have not received the research attention 
that they deserve.” 

Other scientists are also trying to figure out 
the nature and role of cultural factors. “In the 
past three decades, the field has embraced the 
notion of ‘cultural differences’ as the reason 
for better outcomes in developing countries,” 
says Naren Rao, a neuroscientist at the Indian 
Institute of Science in Bangalore, India. “How- 
ever, the nature of the cultural factors is not 
exactly known and culture remains a black 
box.” Even Kulhara, who has concluded that 
the difference in outcomes is real, notes in his 


review that “culture should not be used as a 
synonym for unexplained variance”. 

In trying to pin down these cultural factors, 
Rao points to studies showing that schizo- 
phrenia patients in India face fewer critical or 
hostile remarks than their equivalents in other 
countries — and says this may “contribute to 
the reason for better outcomes”. But an atten- 
tive family can cut both ways: in some cases, 
extended families provide additional care, but 
in others they prevent patients from seeking 
treatment for fear of stigma. 

Some researchers attribute the improved 
outcomes to the less rigid nature of rural 

life in developing 
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ties, such as field work 
for people with disabilities, which helps them 
integrate and overcome their illness. But he 
cautions against drawing too sweeping a con- 
clusion. “When it comes to a complex disorder 
like schizophrenia,” he says, “it is difficult to 
generalize even for just India, let alone for all 
developing countries.” 

Scientists are also examining the poten- 
tial role of the widespread practice of yoga 
in India in the good outcomes for those with 
schizophrenia. Several studies from India 
over the past decade’ have reported that yoga 
has beneficial effects on schizophrenia, both 
with regard to ‘positive’ (psychotic) symp- 
toms and ‘negative’ symptoms (such as lack 
of motivation or enjoyment), for which there 
are few effective treatments (see ‘Negative 
feedback, page S10). Researchers have previ- 
ously reported that both physical exercise and 
psychotherapy (including ‘mindfulness’ tech- 
niques such as meditation) can ease the symp- 
toms of schizophrenia. “Since yoga involves 
both exercise and mindfulness, it seemed 
reasonable that it could be helpful too,” says 
Holger Cramer, a psychologist at the Univer- 
sity of Duisburg-Essen in Germany. 

Even so, the power of yoga remains ques- 
tionable. Cramer recently led a review’ of five 
trials, including two from India, on the role of 
yoga in schizophrenia. He found no evidence 
that yoga has any effect on schizophrenia 
symptoms. Any positive effects seen in indi- 
vidual trials “could easily be just a statistical 
artefact’, he says. 


RE-EXAMINING ASSUMPTIONS 

This string of negative results makes any 
explanation for the Indian schizophrenia 
paradox even more obscure. Some scientists 
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are therefore taking a step back, to examine 
factors that influence outcomes in a particu- 
lar setting. For example, two crucial indicators 
of improved social outcomes are employment 
and marriage. Marriage rates are higher for 
people with schizophrenia in India than in the 
United Kingdom, says Patel. But he argues that 
this should be juxtaposed against the fact that 
marriage rates in India are higher in general, 
partly due to family pressures for arranged 
marriages. “There are other linked factors, such 
as the huge numbers of untreated persons, 
human-rights abuses and high death rates” 
that such analyses ignore, says Thara Rangas- 
wamy, director of the Schizophrenia Research 
Foundation in Chennai, India, a WHO col- 
laborating centre for mental-health research 
and training. Rangaswamy has worked with 
Patel’s team in multicentre studies. 

One of the more ambitious attempts to find 
out whether there really are differences in 
outcomes between locations is the three-year 
Intrepid study, in which Patel is involved. Its 
pilot phase, which takes place in India, Nige- 
ria, and Trinidad and Tobago, runs until the 
end of 2014. 

There is little directly comparable research 
on psychoses in low- and middle-income 
countries, partly as a result of logistical and 
methodological challenges, explains Craig 
Morgan, a psychologist at King’s College 
London who works on the Intrepid project. 
The pilot phase of Intrepid, Morgan says, is 
one of the first systematic attempts to develop 
and test robust psychoses research methods in 
diverse settings. This will lay the groundwork 
for a second phase aimed at studying actual 
causes and outcomes in large samples in each 
of the sites. 

But conducting such research in coun- 
tries with limited resources poses several 
challenges: recruiting representative groups 
of people with psychoses and population- 
based comparison groups; training staff and 
ensuring reliable assessments; and enabling 
cross-cultural comparison of assessments. 
Finding out whether there are indeed differ- 
ences in symptoms, risk factors and outcomes 
in diverse settings “is important because dif- 
ferences provide a window into understand- 
ing the disorders more fully,” says Morgan. 
Rather than draw comparisons, researchers 
now want to untangle the factors that drive 
the onset and outcomes of schizophrenia — 
and they can then discover whether the para- 
dox persists. = 


T. V. Padma is a science writer based in New 
Delhi, India. 
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Live faster, 
die younger 


People with schizophrenia show signs of accelerated 
ageing — a phenomenon that could lead researchers 
to a deeper understanding of the disease. 


BY EMILY ANTHES 


people with schizophrenia have short- 

ened lifespans. In the early twentieth 
century, doctors observed that these patients 
tended to die younger and seemed less healthy 
than other patients in the same psychiatric 
hospitals. And today, schizophrenia patients 
appear to suffer from heart, lung and metabolic 


FE or decades, evidence has suggested that 
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problems at a disproportionate rate — and at 
startlingly young ages. 

There are plenty of potential culprits: sui- 
cide, for example, along with the negative side 
effects of antipsychotic medications, substance 
abuse, smoking and poor health care — any 
one of which could explain why people with 
schizophrenia die 15-25 years earlier, on aver- 
age, than those in the general population. 

But some researchers believe that these 


external factors do not fully account for the 
reduced longevity. They point out that the 
increased mortality among schizophrenia 
patients predates the widespread use of anti- 
psychotics, encompasses diverse causes of 
death, and has been documented even among 
patients who are receiving high-quality medi- 
cal care. These observations have led several 
investigators to propose a new explanation 
for the early deaths of those with schizophre- 
nia: the ageing process itself speeds up. “Our 
hypothesis is that one of the reasons that they 
die younger is because they get old faster than 
the general population,” says Brian Kirkpat- 
rick, a psychiatrist at the University of Nevada 
School of Medicine in Reno. 

Accelerated ageing, Kirkpatrick and several 
other scientists say, may be a fundamental part 
of the schizophrenia pathology. This belief is 
supported by numerous studies of physiologi- 
cal, neurological and cognitive abnormalities in 
people with the disorder. Researchers are now 
trying to determine precisely how schizophre- 
nia and ageing are related. They hope that fresh 
insights into the disease will help people with 
schizophrenia stay healthy longer, and possibly 
even point the way to better treatments. 


MARKING TIME 

As there’s no definitive test or biomarker for 
ageing, proponents of the accelerated-ageing 
hypothesis have been gathering support for 
their idea by piecing together a diverse array 
of research findings. 

For example, scientists and doctors have 
noticed that several ailments associated with 
ageing, including type 2 diabetes and cardio- 
vascular disease, are more common among 
people with schizophrenia (see ‘Schizophrenia’s 
health burdem), and appear earlier in life, than 
in the general population. The trouble is that 
antipsychotics commonly prescribed for schiz- 
ophrenia can lead to weight gain and increase 
the risk of diabetes. So to control for these 
effects, studies need to focus on patients who 
have recently been diagnosed with schizophre- 
nia and have not yet started taking medication. 

Several studies of these antipsychotic-naive 
patients have found that impaired glucose tol- 
erance — a condition sometimes called predia- 
betes that is a risk factor for heart disease — is 
more common among patients with schizo- 
phrenia than in the general population’. These 
results suggest that schizophrenia is associated 
with abnormal glucose metabolism, and that it 
is not solely a side effect of medication. 

Kirkpatrick has also examined antipsychotic- 
naive patients for other signs of premature 
ageing. In 2009, his team showed that these 
patients have an increased pulse pressure, a 
calculation of the difference between systolic 
and diastolic blood pressure’. In general, pulse 
pressure increases with age and is a predictor of 
heart disease. And in 2011, Kirkpatrick’s team 
showed that antipsychotic-naive men with 
schizophrenia have lower levels of testosterone, 
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a hormone that declines gradually with age, 
than age-matched controls’. 

There are tantalizing signs in the genes, too. 
Telomeres, the DNA tails attached to the end 
of chromosomes that shorten each time a cell 
divides, are often used as a marker of biological 
ageing. Several small studies have documented 
shorter telomeres in patients with schizophre- 
nia, but a larger 2013 
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different methodolo- 

gies and examined different populations, rang- 
ing from antipsychotic-naive patients to those 
who have had poor responses to the drugs. 

Cognitive studies provide firmer support 
for the idea of accelerated ageing. Patients 
with schizophrenia seem to exhibit a prema- 
ture deterioration in cognitive function, says 
Philip Harvey, a psychologist at the University 
of Miami Miller School of Medicine in Florida. 
Working with Christopher Bowie, a psycholo- 
gist at Queen's University in Kingston, Ontario, 
Canada, Harvey tested processing speed and 
episodic memory — two areas of cognitive 
functioning that tend to worsen with age — and 
found that people with schizophrenia perform 
like subjects who are decades older’. 

The reason for this decline could be physi- 
ological. The brain contains grey matter, com- 
prising neurons, and white matter, made up of 
axons — the cellular projections that transmit 
signals between neurons. “As we age, we tend 
to lose our white-matter integrity,’ says Peter 
Kochunoy, a psychologist at the Maryland 
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Psychiatric Research Center at the University of 
Maryland in Catonsville. “The reason the brain 
slows down with age is because of this loss.” 

Kochunov and his colleagues have examined 
white matter using diffusion tensor imaging, 
which measures the movement of water in the 
brain. (Water molecules tend to travel down the 
length ofan axon.) They found that people with 
schizophrenia lose white-matter integrity at 
nearly twice the rate of controls®. “This is kind 
of alarming because in normal ageing, the loss 
of integrity is linked very strongly with basic 
cognitive domains such as processing speed,” 
he says. And the white-matter loss is specific to 
schizophrenia: Kochunov’s team did not find 
such rapid deterioration in people with major 
depression, another diagnosis associated with 
increased mortality and an elevated risk of a 
variety of ageing-related disorders. 


FIVE-YEAR PLAN 

The evidence so far suggests a correlation 
between schizophrenia and ageing, but many 
of these studies were small and based on sin- 
gle observations of patients and controls. Con- 
firming the findings will mean following larger 
groups of subjects for many years, says Dilip 
Jeste, a psychiatrist and neurologist at the Uni- 
versity of California, San Diego. 

In 2012, Jeste began a five-year longitu- 
dinal study of accelerated ageing, enrolling 
more than 250 adults from 26 to 65 years of 
age, including individuals with and with- 
out schizophrenia. Each year, the research- 
ers administer a battery of medical tests. For 
instance, they look for signs of inflammation 
and oxidative stress, which occurs when highly 
reactive, potentially damaging oxygen com- 
pounds flood the body’s cells. Both inflam- 
mation and oxidative stress tend to increase 
with age and are associated with a variety of 
chronic diseases. They have also been linked 
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to neurodegeneration and proposed as factors 
that might contribute to schizophrenia. 

In addition, Jeste’s team will not only meas- 
ure telomeres but also record their rate of short- 
ening over time. “If schizophrenia is associated 
with accelerated ageing, you would expect that 
the shortening of telomeres over the five years 
in schizophrenia would be faster than that in 
healthy comparison subjects,” he says. 

The scientists will also collect data on 
potentially confounding variables, including 
medications, substance use, smoking his- 
tory and diet. They hope the results will show 
whether widespread accelerated ageing really 
does occur in patients with schizophrenia, and 
whether the phenomenon is an intrinsic part of 
the condition ora result of lifestyle and demo- 
graphic factors that accompany it. 


CAUSE OR EFFECT 

If Jeste’s study supports the accelerated-ageing 
hypothesis, the next step will be to investigate 
how and why it occurs. Schizophrenia itself 
might cause accelerated ageing, but maybe 
some other factor, such as oxidative stress or 
inflammation, predisposes individuals to both 
conditions. Moreover, Kirkpatrick says, envi- 
ronmental stresses and exposures in utero may 
predispose people to both schizophrenia and 
accelerated ageing. The explanations are not 
necessarily mutually exclusive, and it’s not 
yet clear whether a single biological process is 
responsible. “I think several different mecha- 
nisms are likely to be involved, Jeste says. 

Identifying the physiological mechanisms 
that contribute to both ageing and schizophre- 
nia could suggest new drug targets for schizo- 
phrenia. Confirming that oxidative stress is a 
common factor, for instance, could mean that 
antioxidant medications could help alleviate 
the symptoms of schizophrenia. “It will also 
be interesting to look at other disease models 
that have accelerated ageing, or are at least 
ageing-related, and seeing whether some of the 
treatments in these could be applied in schizo- 
phrenia,” says Bowie. 

What started as a curious observation now 
has the potential to add to the understanding 
of a complex chronic disease and could help 
doctors improve the quality of life for people 
with schizophrenia. “These folks are dying 
young — that’s important,” Kirkpatrick says. 
“If we understood it better, perhaps we could 
help them? = 


Emily Anthes is a freelance science writer 
based in Brooklyn, New York. 
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developing drugs to treat schizophrenia and related psychotic 

illnesses. Ten antipsychotic medications have been introduced 
since the early 1990s, but large studies and meta-analyses’ have shown 
that nearly all these so-called second- and third-generation antipsy- 
chotics are no more effective than agents that are more than 60 years 
old (the lone exception is clozapine). In the wake of these disappoint- 
ing results, many companies have abandoned drug development for 
psychosis and other disorders of the central nervous system. 

To get the field back on track, the director of the US National Insti- 
tute of Mental Health (NIMH) suggested that researchers switch their 
efforts away from the short-term development of treatments that are 
only incremental improvements, and focus on understanding the core 
mechanisms of the disease’. This approach aims to foster discoveries 
in genetics and the functioning of neural 
circuits, and proponents argue that these 
firm foundations are required if future 
treatments are to be transformative. 

The NIMH is asking scientists to adopt 
new approaches to better define schizo- 
phrenia. The latest edition of the Diagnostic 
and Statistical Manual of Mental Disorders 
(DSM-5) defines disorders by clinically 
observable phenomena, such as hallucina- 
tions, delusions and behavioural changes. 
But several illnesses can cause these symp- 
toms, raising the risk of misdiagnosis. 

The goal of the NIMH is to develop a 
set of diagnostic criteria based on meas- 
urable alterations in brain function. It is 
therefore discouraging grant applicants 
that use DSM-5 to categorize subjects in clinical trials. Instead, it wants 
investigators to use its own proposed classification system, the Research 
Domain Criteria (RDoC), which includes constructs that are thought 
to reflect basic dimensions of behaviour. Proposed RDoC constructs 
include negative valence systems, such as anger and fear; positive 
valence systems, such as reward learning; and cognitive systems, such 
as attention and working memory. In addition, the NIMH has shifted 
its focus from large clinical trials of promising interventions to smaller 
studies that evaluate whether drugs or other interventions engage a 
neuroreceptor or alter a biological process relevant to a disorder. 

These are major changes in the way schizophrenia is studied, and 
I think the NIMH may be moving too quickly. The path from genet- 
ics to diagnosis and treatment is uncertain. Although genome-wide 
association studies have linked many gene variants with schizophrenia 
(see ‘Unravelling complexity, page S6), each variant is associated with 
only a small effect. Thus genetics research may yield little of benefit to 
schizophrenia patients for decades. 

Similarly, an abrupt move to a new diagnostic system is no guarantee 
of better results. The RDoC’s constructs may help to illuminate the 
relationships between the functioning of neural networks and psy- 
chopathology, but they have not yet been conclusively correlated to 
schizophrenia symptoms. The requirement that a drug engage a neural 
target may be misguided; although there are a number of promising 


r 1 he past two decades have been a frustrating time for researchers 
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BURDENING RESEARCHERS 
WITH AN UNPROVEN 
DIAGNOSTIC SYSTEM, OR 
ANEED TO DEMONSTRATE 
NEURAL TARGETS, COULD 
MAKE WORK DIFFICULT. 


Retreat from the radical 


Failures in the development of schizophrenia treatments don’t justify 
the dramatic overhaul now being proposed, says Stephen R. Marder. 


biomarkers from neuroimaging, these have seldom been linked to the 
core symptoms of schizophrenia. 

There is strong evidence that we are poised for substantial advances 
using the standard modes of research and patient categorization. Bur- 
dening investigators with an unproven diagnostic system, or a need to 
demonstrate the engagement of neural targets, could make this work 
difficult. But researchers who stick to their traditional methods may 
find it hard to obtain funding given the new NIMH criteria. 

Iam not arguing that all change is a mistake. Research has already ben- 
efited from approaches that challenge the DSM-5 categories, but with- 
out abandoning altogether the link to symptoms. For example, focusing 
attention on domains other than psychosis — including negative symp- 
toms, cognition and social cognition — is likely to lead to treatments 
that can improve functioning and quality of life. These advances will 
not prevent or cure schizophrenia, but they 
may mitigate the loss of function or dis- 
ability associated with the illness. There are 
numerous active trials for drugs, devices 
and training interventions, so the fruits of 
this research are likely to reach patients in 
the next five to ten years. 

Some of the most promising research 
might not fit in the new NIMH research 
framework. For example, there is evidence 
that training interventions for schizophre- 
nia, including cognitive remediation and 
cognitive behavioural training therapy, 
can improve outcomes and enhance the 
functioning of brain networks’. Other evi- 
dence suggests that training interventions 
delivered to recently diagnosed schizo- 
phrenia patients can protect the brain against the loss of grey matter in 
the early years of the illness". These may be more than just symptomatic 
treatments; they could change the course of the disease*. More research 
is starting to show that neuroprotective agents might be able to alter the 
trajectory of the illness°. None of this work fits comfortably in an RDoC 
framework, so it might not be supported in the current environment. 

The approaches endorsed by the NIMH may be able to transform 
the treatment and management of schizophrenia. If they pay off, the 
benefits will probably improve people’s lives in the next few decades. 
But we are on the verge of less dramatic but nonetheless important 
improvements in the treatment of a devastating illness. Premature and 
radical changes in research methods may imperil these advances. m 


Stephen R. Marder is a psychiatrist at the Semel Institute for 
Neuroscience at the University of California, Los Angeles, and the VA 
Desert Pacific Mental Illness Research, Education and Clinical Center. 
e-mail: smarder@mednet.ucla.edu 
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disorders, such as bipolar disorder and autism, has begun to 

yield replicable and informative results at the molecular level’™. 
These successes are creating epochal opportunities to understand 
disease mechanisms and allow us to envisage an era of therapeutics 
directed at pathogenic processes — unlike current antipsychotic and 
antidepressant drugs that merely control symptoms. 

But the emerging picture reveals great challenges ahead for trans- 
lational neurobiology. Schizophrenia is highly heritable, but unlike 
diseases caused by a single, highly penetrant mutation (causing a phe- 
notype with high probability), in schizophrenia the large aggregate 
risk attributable to genes is seen to have a polygenic basis. Disease 
liability is being mapped to hundreds, perhaps ultimately more than a 
thousand, genetic loci, each contributing a small increment of risk?", 
Further, many of the risk-associated genetic variants (risk alleles) for 
schizophrenia also contribute to the risk 
of bipolar disorder, autism, depression 
and other psychiatric disorders”. 

Copy number variants (CNVs), dupli- 
cations or deletions of DNA segments 
affecting up to 40 genes have been found 
in the genomes of 2.5% of people with 
schizophrenia (but only 0.9% of healthy 
subjects). Some CNVs are potent risk 
factors for schizophrenia (increasing risk 
10-25-fold), but even the highest-risk 
CNVs tell a muddled story, as they are 
also associated with intellectual disability 
and autism spectrum disorders’. So risk of 
schizophrenia is polygenic, heterogeneous 
across individuals, and overlaps with risk of other disorders depending 
on the genetic background and exposure to environmental risk factors. 

As the genetic analysis of schizophrenia proceeds with ever more 
subjects, the list of schizophrenia-associated genes, already large, will 
grow further and the results will gain in certainty. However, it would 
bea Pyrrhic victory if the resulting list of genes yielded no biological 
insights that ultimately led to effective treatments. 

It is not yet clear how to achieve the desired outcomes. Current tools 
to study gene function have been optimized to investigate highly pen- 
etrant mutations with large effects on phenotype. Typically, research- 
ers study the effects on phenotype that result from either knocking a 
gene out entirely or inserting a highly penetrant allele into an animal 
model. But given the low penetrance of schizophrenia-associated 
alleles, and their ability to contribute to different diseases depending 
on the genetic background of the organism, inserting one or even 
several into an animal model may yield a phenotype that is ambiguous 
with respect to human disease — or no phenotype at all. 

The large number of genes involved in schizophrenia, and their 
combinatorial interactions, require models that permit efficient test- 
ing of many different hypotheses. Moreover, many loci that contribute 
to polygenic disorders including schizophrenia occur in non-coding 
parts of the genome, which are less well conserved in evolution than 
segments of DNA that encode proteins. For this reason, and because 


T he genetic analysis of schizophrenia and other psychiatric 
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AS GENETIC ANALYSIS 
PROCEEDS, THE LIST 
OF SCHIZOPHRENIA- 

ASSOCIATED GENES WILL 
GROW FURTHER. 


= Revealing molecular secrets 


The more we study the genetics of schizophrenia, says Steven E. Hyman, 
the more daunting — and exciting — are the challenges we see ahead. 


many features of schizophrenia pathogenesis occur in evolutionarily 
recent neural cell types and circuits, it is critical to take evolution into 
account in matching a model to the question being asked. Given such 
constraints, the kinds of genetic mouse models that have been used for 
decades to study diseases caused by single, highly penetrant mutations 
are likely to have severe limitations for the study of schizophrenia. 
According to a model for how polygenic risk factors operate, the prod- 
ucts of allelic variants appear in key protein networks and biochemical 
pathways in cells and perturb their function, causing disease. Each indi- 
vidual is likely to have a different combination of variants that produce 
pathological tweaks in these networks. The ability to study these net- 
works is more likely than studying individual genes to yield insight into 
schizophrenia mechanisms and to suggest drug targets. For example, a 
possible protein network arising from the schizophrenia genetic data 
is involved in the postsynaptic specialization of excitatory neurons’ *. 
Despite a wealth of genetic findings, fur- 
ther investment in gene discovery is needed. 
Each risk allele discovered identifies a gene 
with some role in pathogenesis, and provides 
a new piece in the jigsaw puzzle from which 
important networks and pathways emerge’. 
A more difficult question concerns the 
selection of living systems, cells or animal 
models for the functional analysis of alleles 
and pathways. Thanks to advances in genome 
engineering, it should be possible to insert 
DNA sequences of interest into many mod- 
els, and enable researchers to engineer many 
mutations at once’. Models may include 
induced pluripotent cell lines and human 
embryonic stem-cell lines reprogrammed into neurons to study molec- 
ular and cellular mechanisms, and serve as a platform for chemical 
screens. Progress is being made in reprogramming such cells into rel- 
evant neuronal and glial cell types, although questions remain over the 
cell types most involved in various psychiatric disorders. 
Invertebrates, zebrafish, mice and non-human primates may all 
prove to be useful genetic models. It is too early to say what combina- 
tion of approaches will work. All we know is that the emerging genetic 
discoveries will call for innovation and a willingness by foundations, 
government funding agencies and scientists to try new things. m 
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White blood cells (grey) can be engineered to attack specific types of cancer (red). 


TRANSLATIONAL RESEARCH 


Cancer killers 


Promising results in cancer immunotherapy offer growing 
opportunities — and challenges — in translational research. 


BY RACHEL BERNSTEIN 


ichel Sadelain recalls his colleagues’ 
Meee to his postdoctoral research 
project: a combination of amusement 
and incredulousness. He wanted to eschew the 
vaccine-based approaches that were common 
at the time, and instead kill cancer cells by tink- 
ering with the immune system genetically. 
Twenty years later, his insight seems to have 


been vindicated. Early successes in treating 
people with cancer using engineered immune 
cells called T cells have breathed new life into 
the once-maligned field of cancer immuno- 
therapy (see page 24), and the result has been an 
influx of funding, as well as growing opportuni- 
ties in academia and industry. Indeed, Sadelain’s 
gamble has brought him career success: he is 
now director of the Center for Cell Engineer- 
ing and Gene Transfer at Memorial Sloan 
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Kettering Cancer Center in New York City. 

Until now, the field has “always been a little 
bit of a stepchild’, says cancer immunotherapy 
pioneer Steven Rosenberg, head of the tumour 
immunology section at the US National Cancer 
Institute in Bethesda, Maryland. Researchers 
have been reluctant to get involved because it 
is difficult to genetically engineer mammalian 
cells and because cancer cells are very similar to 
normal cells, making them particularly difficult 
to target with immunotherapies. 

But during the past few years, promising 
results from early clinical trials have shown 
that therapies based on T-cell engineering can 
force some stubborn cancers into remission. 
With these successes, “cancer immunology has 
come to the forefront both in immunology and 
in cancer treatment’, Rosenberg says. 

Numbers documenting the rise in promi- 
nence are hard to come by. But an auspicious 
sign is that the amount of money awarded 
to the field by the American Association for 
Cancer Research in Philadelphia, Pennsylva- 
nia, has risen from just US$400,000 in 2011 
to $27.2 million in 2013. For the foreseeable 
future, the field is rife with opportunity. 


RESEARCH RESURGENCE 
The results of these early clinical trials — 
done mostly in blood cancers — are not just 
promising for patients, they are also opening 
up research avenues in the laboratory. “What 
we've done now is established that this is a 
valid new field of cancer therapy,’ says Marco 
Davila, who in January took up a position 
studying the potentially toxic side effects of 
T cell-based therapies at Vanderbilt University 
Medical Center in Nashville, Tennessee. “This 
is going to lead to an entire new set of ques- 
tions that need to be evaluated in a very basic 
manner, as well as in a translational manner” 

A key focus is on expanding the success of 
immunotherapies. The trials that have been suc- 
cessful so far have mainly targeted B cells, which 
are white blood cells that become mutated in 
B-cell leukaemia and lymphoma. T cells can be 
engineered to kill cells that display the CD19 
protein, which is found on both healthy and 
cancerous B cells. This non-specific approach 
is acceptable because B cells are not crucial to 
survival, but investigators are working to iden- 
tify targets for other cancers and to develop 
approaches that target just cancerous cells. They 
are also trying to work out why some patients do 
not respond to B-cell immunotherapy. 

The fledgling immunotherapy field is being 
led by a handful of key players, including > 
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> Rosenberg, Carl June of the University of 
Pennsylvania in Philadelphia and Laurence 
Cooper of the University of Texas MD Ander- 
son Cancer Center in Houston. But young 
researchers such as Davila are joining the 
effort — and with diverse questions still to be 
answered, scientists from a variety of back- 
grounds are in demand. 


MULTIPLE ENTRY POINTS 
“There are so many different ways to get [into 
the field] — you dontt have to limit yourself to 
doing cancer immunotherapy during graduate 
school or your postdoc,” says Marcela Maus, 
who works with June and is the director of 
medical affairs for translational research at 
Penn’s Abramson Cancer Center. She cites entry 
points such as virology, T-cell biology and can- 
cer signalling. Maus herself did not start in the 
field until she was a graduate student, having 
conducted evolutionary-biology research on 
Escherichia coli as an undergraduate. She found 
that bacterial concepts such as selection pres- 
sure apply to cancer as well — and to her current 
work on interactions between T-cell therapies 
and other cancer treatments. 

One of June’s postdocs, Joseph Fraietta, 
switched from his graduate work on HIV after 
reading about the exciting progress in cancer 
immunotherapy. And 
Rosenberg says that 
there is a growing 
demand for geneti- 
cists and bioinformati- 
cians who can analyse 
tumour-genome data 
to identify poten- 
tial immune targets. 
“There's a lot known 
about immunol- 
ogy, and a lot known 


about genomics, but # have this . 
thetwohavenotbeen /tybrid situation 
tied together in a where I get to see 
meaningful, applica- the best of both 
ble fashion until very worlds.” 


recently,” he says. 


Joseph Fraietta 


Those interested in 
developing cancer immunotherapies should 
carefully consider the clinical facets of the work. 
“To apply research to patient-related problems, 
you either need training in medicine or very 
close collaborations with people who are trained 
in medicine,’ Rosenberg says. Ton Schumacher, 
a group leader at the Netherlands Cancer Insti- 
tute in Amsterdam, recommends acquiring a 
good understanding of immune reactions and 
knowledge of how to translate concepts into 
clinical trials. Many in the field earn a joint 
MD-PhD degree, but an MD is not required 
as long as researchers interact with clinicians to 
make sure that their work is relevant to patients. 

One reason that cancer immunotherapies 
are so promising is that they are engineered for 
individual patients, using a person's own T cells 
to specifically target the cancer. But if cancer 
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immunotherapy is to succeed, practitioners 
will have to find ways to scale up manufac- 
turing capabilities despite their personalized 
nature. “This is not a well-known path to mak- 
ing drugs,’ says Sadelain. “There are many 
components of manufacturing and distribu- 
tion for which there is no precedent.” 

To help to work out such issues, pharmaceu- 
tical and biotechnology companies are seeking 
academic partners, which could pave the way 
for opportunities for early-career scientists. For 
example, June teamed up with Novartis a few 
years ago after successfully testing an immune 
therapy that used genetically modified T cells 
called chimaeric antigen receptors (CARs). 
Since then, Novartis and Penn have jointly 
established the Center for Advanced Cellular 
Therapies on the university's campus to further 
develop CAR technologies, and Novartis is hir- 
ing cancer-immunotherapy researchers. 

And in March last year, researchers at the 
Center for Cell and Gene Therapy at Baylor 
College of Medicine in Houston, Texas, a hub 
for cancer-immunotherapy work, teamed up 
with two biotech companies, Celgene in Sum- 
mit, New Jersey, and bluebirdbio in Cambridge, 
Massachusetts. And in December, Sadelain 
worked with scientists at the Memorial Sloan 
Kettering Cancer Center and two other cancer- 
research institutions to form Juno Therapeu- 
tics in Seattle, Washington, which will work 
closely with academic researchers to develop 
T-cell therapies. All this means that postdocs 
now have opportunities beyond just university- 
based research, June notes. 

Lenka Hurton, a graduate student who is 
working on improving the persistence of the 
engineered T cells in Cooper’s laboratory, 
says that she hopes to pursue an industry job 
after completing a postdoc and is encouraged 
that companies such as Novartis are recruit- 
ing. “I’m anticipating that there will be other 
companies that do the same, assuming that 
the clinical trials continue to show promising 
results,” she says. 

For those working at a university, collabo- 
rations with industry can provide valuable 
exposure and resources. “I’m really getting a 
lot of bang for my buck because I’m in a semi- 
academic, semi-industrial postdoc,” says 
Fraietta, who is involved in the Penn—Novartis 
work. “I have this hybrid situation where I get 
to see the best of both worlds” 


TRANSLATIONAL CHALLENGES 

Many in the field agree that those who stay at 
academic institutions must learn how to con- 
duct translational research in a culture and 
environment that may be unaccustomed to 
supporting such work. There are, for example, 
practical considerations. Clinical trials gener- 
ally require a longer time frame than do con- 
ventional grant cycles — it can take two to three 
years just to get a trial off the ground. “If you 
need to write grants every year, that’s going to 
be tough,” Maus says. And although trials that 
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Michel Sadelain is an immunotherapy trail-blazer. 


result in a blockbuster drug can be great career 
boosters, they constitute only a tiny part of the 
research needed to develop effective therapies. 
Although essential for safely manufactur- 
ing new therapies, projects that focus on the 
painstaking trouble-shooting, optimization 
and process-development work do not usually 
garner high-impact publications, which may 
discourage ambitious young researchers. 

Davila, a new professor who is establishing 
his own research group, has a strategy to stay 
on track. “I’m sticking with very finite goals 
that are going to be meaningful, that are going 
to contribute to the field” he says. He chose 
his project with care: developing an animal 
model of cytokine release syndrome, a poten- 
tially fatal side effect of CAR T-cell treatment. 
He hopes that this approach will enable him to 
complete projects within the short time frame 
required for publishing and obtaining grant 
funding in an academic setting. 

First and foremost, immunotherapy research- 
ers focus on creating and improving effective 
treatments — not just pursuing intriguing phe- 
nomena. Hence, they might not have the luxury 
of dallying in research just to sate their intellec- 
tual interest. The aim is always to push forward 
towards better treatments. 

Cooper therefore encourages graduate 
students to earn their PhD by investigating the 
more fundamental research questions in cancer 
immunotherapy, then waiting until their post- 
doc or later to pursue the translational angle. 
Maus followed this track. “Asa graduate student, 
I wasnt really able to do the translational aspects 
directly,” she recalls. “It was frustrating at the 
time — but now] realize it was really important 
to focus on basic science.” So far, Maus and oth- 
ers who have been able to balance these priori- 
ties are reaping the career rewards. “For young 
people getting into the field,” says Cooper, 
“there's never been as good a time as this.” m 


Rachel Bernstein is a science writer based in 
San Francisco, California. 
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ROSE ANITA LOVERDI 


In June, Liping Qin will become the first 
person from China to be presented with the 
European Association of Geochemistry’s 
Houtermans Award, which recognizes 


a single exceptional contribution to 
geochemistry by an early-career scientist. 


Why did you move to the United States? 

I knew I wanted to be a scientist — I was 
always experimenting at home with chem- 
istry or physics sets. I was accepted at the 
University of Science and Technology of 
China (USTC) and went to the geochemis- 
try department. But I looked for graduate 
opportunities in the United States because 
geochemistry in China in the late 1990s was 
not that robust — it didn’t have a big presence 
in the field then. 


What led you to cosmic chemistry? 

I decided to come to the University of 
Chicago in Illinois to join a project on 
finding geochemical markers, such as ratios 
of iron to manganese, that could help us to 
trace magma back to Earth’s mantle. I also 
attended seminars about the cosmos and 
stars, and started talking to cosmic chem- 
ist Nicolas Dauphas, which led to a project 
using radioactive isotopes to date meteorites. 
I worked on a special group of meteorites 
made up mostly of iron, which are thought 
to be remnants of the cores of planetesimals, 
small bodies that lead to the formation of 
planets. 


How was this a turning point in your career? 

I found that the first-generation planetesi- 
mals formed within a few million years of 
the Solar Systems birth. Before this discovery, 
researchers believed that these planetesimals 
formed later, as the Solar System developed, 
but our work helped to confirm the earlier 
timing. During that project, I found isotopic 
anomalies of tungsten in meteorites. I got 
very interested in using isotopes to under- 
stand what the stellar environment was like 
in the early Solar System. 


Where did you set your sights for a postdoc? 

My first priority was to get to the Carnegie 
Institution for Science in Washington DC 
because it gives fellows the freedom to 
explore any research that interests them. 
While I was there, I continued to work on 
isotopic anomalies of other elements, such 
as chromium and barium, to trace the early 
stellar environment. Working with so many 
great scientists helped me to understand the 


big questions in this field, including the age 
and formation of the Moon, Earth’s building 
blocks and the timing and mechanism of 
water's appearance on Earth. 


Where did you go next? 

I chose to go to Lawrence Berkeley National 
Laboratory (LBNL) in California and do bio- 
geochemistry work, studying Earth-surface 
processes, because I wanted to challenge 
myself. LBNL wanted me to apply my isotope 
skills to biological processes — specifically, 
the bioremediation of hexavalent chromium, 
which is a very toxic carcinogen that has con- 
taminated aquifers. I expanded my area of 
expertise and my circle of collaborators. It 
was a good move. 


Were you eager to return to China? 

I knew would go back one day, and in 2012, 
I had the opportunity to do so — I received 
a generous funding package to start my own 
lab at the USTC. I’ve continued to work on 
cosmo-chemistry here because it’s what 
interests me and I’m good at it. I’m also 
using the same skills on some biological and 
environmental questions, including the use 
of metal isotopes to trace enzyme processes 
associated with metal movement. 


How will the award help you professionally? 

I hope that it will help to grow our research 
group so that my students have more oppor- 
tunities and resources. I have five graduate 
students now. It was the right time for me to 
return to China to do planetary chemistry, 
because there is so much student interest in 
connection with China’s plans to launch a 
lunar-sampling mission. My students want 
to study cool rocks. m 


INTERVIEW BY VIRGINIA GEWIN 
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EQUALITY 
Mind the gender gap 


A report bya UK non-profit agency says 
that UK businesses need more technicians, 
manufacturing leaders and engineers, 
and that more women must earn degrees 
in physical sciences to meet the demand. 
Target 2030, from the National Centre 

for Universities and Business in London, 
notes that just 9.5% of science and 
engineering professionals in the United 
Kingdom are women. In 2013, women 
represented about one-fifth of physics 
students at pre-university-qualification 
levels, and the gender gap in the subject is 
widening. The report notes that women 
with physical-sciences degrees have 
higher employability rates than their male 
counterparts, and calls for a campaign 

to attract more female students into the 
higher-education pipeline in physics, 
maths and related disciplines. 


VISAS 
Stay for a while 


Some legislators in Sweden want to adopt 

a proposal by 1 June that would allow 
foreign doctoral students to remain in 

the country temporarily to work or to 
launch a company after earning their 
degree. Furthermore, PhD students who 
have studied in Sweden for at least four 

of the past seven years would qualify for 
permanent residence. Sweden's parliament 
has yet to vote on the legislation. 
Meanwhile, the European Commission 
and other European Union (EU) legislative 
bodies are considering a proposal that 
would allow doctoral students and 
researchers in non-native countries to stay 
in EU member states after completing their 
degree or research contract. Legislative 
action could come this autumn. 


FUNDING 
UK postgrad bonanza 


The UK government is committing 
£496 million (US$820 million) towards 
111 postgraduate training centres in 
physical sciences, maths and engineering 
to plug skills gaps in industry. UK 
chancellor George Osborne said on 

19 March that the government will 
spend £106 million over five years on 
20 new centres, to top up its earlier 
commitment of £390 million towards 
91 centres. Industry has provided 
another £374 million. The Engineering 
and Physical Sciences Research Council 
is administering the funds mainly as 
graduate studentships. 
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Ua SCIENCE FICTION 


microFUTURE 


Science fiction in 200 characters or less. 


t the start of this year, Futures ran a 
Aceeeiion challenging readers to 

write a story in just 200 characters. 
After a difficult judging session, we're pleased 
to award first prize to Catherine Rastovski, 
who wins a year’s subscription to Nature 
plus a gift voucher for the Futures 1 eBook. 
Five runners up also receive gift vouchers for 
Futures 1. Here are the winning entries, plusa 
selection of stories that impressed the judges. 


FIRST PRIZE 
I pass your empty chair every day. 
Across the room sits the computer, your 


voice, your face locked inside. I ache to 
bring you to life, but fear keeps me in 
my chair. What if you say no? 

Catherine Rastovski 


RUNNERS UP 

Cynthia was learning faster than any- 
one had predicted. The apparently toti- 
potent cells continued to proliferate at 
an exponential rate. Today would be 
the last time they would refer to her as 
a mouse. Adam Flanders 


The champagne tasted unpredictably 
sour, the time traveller thought, as the 
press cameras flashed. Even the world- 
record lottery win was nowhere near 
enough to repair the broken machine. 

Arran Frood 


off that switch, Professor! Your time 
machine can’t travel back in time past 
the moment of its own creation and 
instead will trap the Universe in an 
endlessly recursive time-like loop! Take 
your hands Judith Reeves-Stevens 


Silence. I floated around through cor- 
ridors, filled with debris. No flickering 
lights, no air, no sound, just memories I 
could not grasp. Alone. I released my air 
supply and became part of the debris. 

Anssi Sajama 


The robot knows when you turn it off. 
Those last picoseconds, as the current 
drains from its circuits, are a living Hell. 
When you turn it back on, it will never 
be the same. But it will remember... 

Chaim Schramm 
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COMMENDED 

It took a while, but we finally found a way we 
were different. He had no belly button. Once 
we had one difference, others were easy to 
find. That’s when I started to hate him. That's 
why he had to go. Ryan Bouche 


I forgot what it was like to touch a human. 
Less beautiful, less obliging, less intelli- 
gent than my companions — a dirty 
mess of bacteria. Discovering 
his imperfections. I resolved 
to never try again. Adam Dunn 


I was the first to make con- 
tact, but they spoke not with 
their mouths, only with their eyes. 

And their eyes said: “Fear us, for we are your 
demise.” Cody Frederick 


As robots perform the laboratory work, it is 
cheaper just to electronically stimulate areas 
of the student’s brain associated with frustra- 
tion and failure and then, after 3 years, call 
them doctor. Gavin Garland 


The Prof smiled. “I’ve isolated the plague 
vector! Now we can kill it” I sighed with 
relief, “I'll tell the others.” He held my arm 
as I turned away. “Hang on, old chap. Amy, 
pass me the syringe.” John Gilbey 


I managed to find the most-wanted gift of the 
year. Finally, I found a way to surprise him. 
The real surprise came when it unwrapped 
itself and knocked loudly on the bedroom 
door early this morning. Jamie Hadac 


For sale: one cat-litter box, never used; or 
not. Contact E. Schrédinger. Joses Ho 


Sorry—I overslept/sleep tomorrow—missed 
invite 2 come 2 yr quantum state. Let’s try 
again—Googlemas 2 years ago. I'll bring/ 
brought nano-goose + 2096! intox/ferment. 
C/saw U 2 years ago. luv-u Ken Krug 


We gather, receiving the voice of a deserted 
explorer. “I have found the lunar colony,’ she 
says across the void. “Their logs simply state, 
“We die alone.” Eyes downcast, we hear the 
broadcast end. Alasdair MacLeod 


Despite her growing love for him the mission 
demanded it happen now. He sat on the bed 
and placed his hand on her leg, she turned 
inside out enveloping the president. Endo- 
cytosis won the ten-day war. Dan Nicholls 
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Here, she was dead; now her par- 
allel selves gazed through the worm- 
holes. It hurt. “Do it,’ they whispered. I 
closed my eyes, and the gate. A billion quan- 
tum windows collapsed. It felt like genocide. 
Aude Oliva 


The city is microbial more than it is con- 
crete. Licking the wall is today’s graffiti and 
in saliva swirls the future of urban planning. 
She spat into the web, and smiled. The dia- 
gram shifted slightly. Poeia Onomato 


Still orbiting Earth, a century later: a little 
girl’s shoes. Charles Pellegrino 


“Rest assured that you'll eventually be vin- 
dicated,” said the time traveller, handing the 
medal to a bewildered Turing. “Regrettably, 
beyond giving you this, we are not allowed 
to alter the past.” Gary Shockley 


The Sentence It was a novel trial, the first of 
its kind, the charge was illegal human clon- 
ing, creating a sentient human in laboratory, 
the verdict was guilty, ironically the sentence 
was: life. Nathan Susnik 


Years of cheap computer time allowed the 
TKLabs GeneCoin project to decode all the 
‘junk DNA in the human genome. Now a 
lone tech sees the output flashing on the 
screen: “Intentionally left blank’... 

The Moletrap Collective 


Ilost my arms at work. New arms made from 
tissue scaffolds take too long to grow. No 
work, no money. So, my boss fused a used 
pair of robotic arms onto me. My robot over- 
lords finally promoted me! Mark Teo 


Thorus remained deathly still as he franti- 
cally searched his pocket for the laser gun. He 


hadn't seen the ship’s 
> NATURE.COM cat for a few days now, 
Follow Futures: and that thing hed just 
Y @NatureFutures seen had had huge 
Ei go.nature.com/mtoodm teeth... | Mick Watson 


JACEY 


